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PROPOSITIONS
l-The relatively high values of rate constants mentioned in literature for the hydrolysis of
lipidsarerather exceptionthanruleandtherefore provideafar toofavorable pictureofwhat
actually canbeachievedinmodernhighrateanaerobictreatment systemsinpractice.
Gujer, W. & Zehnder, A. J. B. (1983). Conversion
processes inanaerobicdigestion.Wat. Sci. Tech., 15, 127-167.

2-A sieve drum gas liquid solids separator represents an attractive option for retaining
buoying granular sludge in EGSB-reactors and therefore offers big potentials for treating
wastewaterscontaininglipidsandhigherfattyacidsaspollutants.
Thisthesis
3-Inanaerobictreatment ofwastewaters containingproteins and sugarsasmajor pollutantsit
shouldbetakenintoaccountthatsugarsarethepreferred substratesfor anaerobicorganisms.
Breure, A.M.,Mooijman, K. A. &vanAndel, J.G.
(1986).Protein degradation in anaerobic digestion: influence of volatile fatty acidsand
carbohydratesonhydrolysisandacidogenicfermentationofgelatin. Appl.Microbiol. Biotechnol, 24,
426-431.
4-To reach a tenable development inthird word countries environmental protection should
constituteanintegralpartofthedevelopmentprocess.
UnitedNations-Rio de Janeiro-Brazil-June 34,1992, Principle 4.
5-Forthetreatment ofwastwaterscontaining soluble proteins and carbohydrates inhighrate
anaerobic treatment systems liketheEGSB-system, the application of a separate acidogenic
reactormayconstituteanadditional essentialprocessstep.
Thisthesis
6-Assulfate reducerscancontributeto aneffective elimination oflongchainfatty acids from
wastewaters,the practical application ofthe process of sulfate reduction in the treatment of
lipidcontainingwastewatersdeservesseriousconsideration.
Yamaguchi, T, Harada, H.& Tseng, I-C. (1997).
Competitive exclusion of methane-producing bacteria by sulfate-reducing bacteria in anaerobic
degradation of long-chain fatty acids. In: Proceedings of The8*International Conference on
AnaerobicDigestion,May25-29, Sendai, Japan,2, 362-370.
7-Conventional 'hightech' aerobicwastewatertreatment systemsshould notbe implemented
indeveloping countriesandcountriessuffering from apooreconomy.
8-Domestic waste and wastewater problems need be attacked much more multidisciplinary
thanthepresently isthecase.

9-Thecompetencelevelofsanitaryengineeringsisreflected inexcessivesizeofconventional
sewagetreatmentplantsprojected bythem.
10-The police implemented in Curitiba to accomplish a socially more friendly and
environmentally moresustainable societydeservesworldwideimitation.
Propositions belonging to the thesis "Anaerobic treatment of protein, lipid and
carbohydratecontainingwastewatersusingtheEGSBtechnology".
RonaldoPetruy
Wageningen, March31, 1999.

ABSTRACT
Petruy, R. (1999) Anaerobic Treatment of Protein, Lipid and Carbohydrate Containing
Wastewaters usingtheEGSBtechnology.
Ph.D. Thesis,Wageningen AgriculturalUniversity, Wageningen, TheNetherlands.
Industries such as margarine, meat packing, dairy, slaughterhouse, edible oil (palm and olive oil)
generate large amount of effluents. Strict environment laws in numerous countries has forced these agroindustries to apply suitable wastewater treatment in order to reduce the organic pollution load before
discharging the effluents to receiving waters. Anaerobic treatment comprises a very attractive and suitable
method for these industries, where the effluents frequently are composed of mixtures of proteins, lipids and
carbohydrates. The research described in this thesis deals with the feasibility of anaerobic treatment for
complex types of wastewaters, e.g. containing mixtures of lipids, proteins, and carbohydrates. In the research
particular emphasis was afforded to the application of Expanded Granular Sludge Bed (EGSB) reactors,
because results obtained in earlier research indicated that the EGSB reactor-system might represent special
promise for lipid containing wastewaters.
Chapter 1 provides abrief literature survey of relevant reports dealing with the production of complex
industrial wastewaters and with information about the feasibility of anaerobic treatment systems like anaerobic
sludgebed reactors, viz. the well known UASB-system and the more recently introduced EGSB-reactor.
Chapter 2 deals with investigations concerning the degradation of a milk-fat emulsion using a closed
circuit with an EGSB reactor as treatment system. The results of the experiment show that 70 % of the lipids
were adsorbed on the granular sludge. This adsorbed fraction remained greatly non-degraded; as a matter of
fact only biodegradation was found for the colloidal fraction, although the process proceeded very slowly,
which mainly could be due to the very slow rate of hydrolysis, viz. a value of the hydrolysis ratekhiof 0.01 d"'
was assessed. The main mechanism prevailing in the lipid removal in an EGSB-system comprises a sorption
process.
Chapter 3 deals with investigations conducted with an expanded granular sludge bed (EGSB) reactor
equipped with a sieve drum as gas-liquid-solid separator device (GLS) to prevent the wash-out of buouying
sludge. Two sieve drum designs were evaluated in experiments conducted with complex synthetic wastewaters
composed of mixtures of carbohydrate, protein and lipids. One of these devices was capable to retain floating
granular sludge efficiently and without damaging the granular sludge structure. The results of this experiment
also revealed that 85 % of effluent leaving the reactor consisted of 'soluble' type of pollutants. The hydrolysis
and acidification of this fraction was found to proceed very slowly. Moreover a peculiar phenomenon
manifested, i.e. drops in the concentration of non-acidified soluble COD (NAS) in the effluent coincided with
an increase in the amount of colloidal COD and vice versa. Results presented ofbatch biodegradability assays
with different types of proteins, e.g. originating from potato, corn, milk, egg, gelatin and bovine. The results
revealed that the deamination generally proceeds well, but the conversion of the proteins into methane-COD
looks rather unsatisfactory.

The investigations in Chapter 4 were addressed to the application of the EGSB
technology t o complex synthetic wastewater composed of carbohydrates, beer, proteins like gelatin and a
milk-fat lipid emulsion. The results show that the organic pollutants originating from or present in beer and
gelatin were well removed at a high COD removal efficiency (90-95 %),and at a satisfactory COD-conversion
efficiency to methane, i.e. for 85 %, at imposed OLR's up to 12 g COD/1 d. The deamination of gelatin
amounted to 86-89 %. Lipids, applied in a concentration of 0.260 g COD/1, did not detrimentally affect the
reactor performance. However, on the other hand the degradation of lipids did not proceed satisfactorily.
Chapter 5 presents results of research dealing with the applicability of the EGSB reactor to
wastewaters composed of mixtures of gelatin and sucrose using non-adapted granular sludge and in
presence/absence of macro-nutrients. The results show that the degradation (i.e. the deamination) of gelatin
reaches 70-90 % at space loads up to 7 g COD/1.d , but once again the acidification remained poor and the
conversion to methane amounted only to 65 %. Nevertheless a high COD removal efficiency was found with a
figure in the range 85-90 %, indicating that a certain fraction of the gelatin or its intermediates have become
sorbed tothe sludge surface or precipitated inthe reactor. Addition of sucrose to the experimental feed solution
resulted in a slight improvement of its deamination, but also
in further decline in the fermentation process. After addition of nutrients to the feed solution, viz.
simultaneously with gelatin and sucrose in the feed storage vessel, the pre-acidification ofboth these substrates
improved .But when gelatin and sucrose were introduced via separate lines in the reactor, the fermentation of

gelatin dropped sharply. From these observations it can be concluded that apparently sucrose seriously
depresses thefermentation of gelatin.
Chapter 6 summarizes the results of the experiments, and the scientific relevant aspects are
highlighted and discussed. Moreover, based on the insights obtained, some recommendations for the operation
ofan EGSB-system havebeen provided.
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Chapter 1

ANAEROBIC TREATMENT OF PROTEIN, LIPIDAND
CARBOHYDRATE CONTAINING WASTEWATERS USING
THE EGSB TECHNOLOGY
General Introduction
Many industries such as margarine, meat packing, dairy, slaughterhouse, edible oil (palm oil
and olive oil) industries produce large amounts of effluent that pose a high threat to the
environment of urban regions if these effluents do not receive any kind of treatment. The
extend ofthe discharge oftheseindustries is considerable. So inMalaysia in 1980the amount
ofwastewater discharged from palm oil industries to receiving waters was up to 330 tons/day
ofBOD (Ng etal, 1985). In the Mediterranean area up to 1.4-1.8million tons of olive oilis
processed yearly, whichresults inahigh pollution because 45-55 kg BOD5per ton ofolivesis
produced inoliveoilproduction. Thepollution load oftheoliveoil millstherefore amountsup
to 2800-3600 tons per day over a season of 100 days (Boari et al, 1984). In the USA, the
annual wheyproduction amounts to approximately 16.8x 109kg (Palmer &Marguardt, 1978
in Switzenbaum, 1982). Inthe UK dairy processing plants generate approximately 700m3/day
of wastewater (Kasapgil et al, 1994), while in the State of Parana, (Brazil) the amount of
wastewater from dairyindustries in 1977was6486 kgBOD/day, equivalent to apopulation of
120 thousand people (Borio & Pawlowsky, 1977). In Western Australia 546 dairy farms
(Master, 1993) in 1989 produced 1.66 x 109kg of liquid whey, in Canada the production of
sweet whey in 1981 amounted to 1.69 x 109 kg (Schmidtke & Bisset, 1985) and in the
European Unionupto 39.52million oftons liquid whey (Gurguis etal, 1993). Dairy plantsin
Turkey produce 1500m3 of wastewater per day (Orhon etal, 1993). Meat packing plantsin
the USA produce 15140 m3/day of wastewater (Kane & Osantowiski, 1980). From these
numbers it is clear that these countries need to invest in wastewater treatment. The principal
components in the effluents from these industries are proteins, lipids and carbohydrates. The
pollution power of these components can be expressed in terms of COD, the amount of
oxygen required for the complete chemical oxidation. The higher the biodegradable CODcontent of anindustrial effluent, the higher isthe pollution load they cause when discharge to
receiving waters, because it will result in a serious deficit of oxygen to oxygen-dependent
aquatic organisms. This clearly can lead to a serious deterioration of aquatic life. Strict
environment lawsestablished innumerous countrieshasforced agro-industries to applyproper
wastewater treatment methods to reduce the organic pollution load of the effluents prior to
their discharged into receiving waters. For this reason there is an increased interest at these
industries in the development of low cost, efficient and easy to operate treatment systems
Anaerobic treatment comprises for many of the agro-industries an extremely attractive
wastewater treatment option, becausethemethod inprincipleiseffective inremovingproteins,
lipids and carbohydrates, which in various ratios are the main constituents of the effluents of
these industries. Under anaerobic conditions these compounds are converted into methane,
carbon dioxide and water (Pavlostathis & Giraldo-Gomes, 1990; Petruy, 1989). The
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advantages of anaerobic treatment over conventional treatment systems are well known, viz.
they comprise for instance the small area of land required because frequently compact reactor
systems can be applied (i.e. high organic and hydraulic space loads), very low energy
consumption, small amount of excess of sludge generated, the production of biogas which
represents an attractive energy source. Since also adapted anaerobic sludge can be preserved
for long period of time under unfed conditions, the anaerobic treatment options therefore is
attractive for agro-industries.
The anaerobic digestion process proceeds via a number of separate steps as has
described by Breure (1984) and Gujer and Zhender (1983) and many others: for complex
insoluble organic pollutants thefirst stepishydrolysis and/or liquefaction of organicpolymers,
whichleadsto the formation of smaller soluble 'monomers'. These monomers canbetaken up
by bacteria. So proteins are degraded to a variety of amino acids, polysaccharides to sugar
monomers and fats/oils to glycerol and long-chain fatty acids (LCFA). In he second step,
known as the acidogenesis step, the intermediates of the hydrolysis step are fermented to
volatile fatty acids, alcohols, lactic acid, ammonia and also carbon dioxide and hydrogen gas
will produced. Thesefermentation processes comprisethe source of energy for the acidogenic
population. The organic fermentation products constitute the substrate for the organisms
prevailing inthe third step,the acetogenic bacteria. These organisms oxidize higher fatty acids
to acetic acid, carbon dioxide and hydrogen which are the main substrates for the
methanogens. It is only in the last (forth) step that major part of the biodegradable COD is
eliminated from the solution. Accordingto Hanakietal.(1981), Breureetal.(1986a, 1986Z>),
Briant (1979), Fox and Polhand (1994) methanogenesis only proceeds completely when the
partial pressure of the hydrogen is kept at a very low level, consequently when hydrogen
eliminated from the system, e.g. by methanogenes or sulfate reducing organisms. In
methanogenic step,the predominant reactions proceeding are the reduction of carbon dioxide
by hydrogen, and the conversion of acetate to methane and carbon dioxide. In addition to
these compounds, alsomethanol isasubstratefor aspecific group ofmethanogens.
The four steps described above are involved inthe anaerobic wastewater treatment of
complextypesofwastewaters, e.g. thosecontaining high molecular compounds. Every change
in the conditions imposed to the system, either physical, chemical or biological, will need an
adaptation process of the system, which ultimately will lead to the required associated
microbiological communities. As consequence changes in bacterial metabolism, through
alterations at the enzymatic level, or growth or decay of certain metabolically active members
of the population can occur. Therefore process conditions such as pH, temperature and
retention time are very important for maintaining certain kinds ofbacteria best suited for the
habitat. McCarty and Mosey (1991) (in Nachaiyasit & Stuckey, 1995) suggested that the
relative ratios of reduced end products produced by the catabolism of carbohydrates are
controlled more by populations dynamics than by kinetical or thermodynamics factors: a
competition between propionic andbutyric acid producingbacteria would beimportant.
A specific model of anaerobic digestion, know as the "Rain Barrel" model, has been
proposed by Schink in 1988 (inNachaiyasit & Stuckey, 1995) (Fig.l). This model involves a
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community of fermentative bacteria in which the complex substrate flowing in at A is
transformed to the products flowing out at B, C or D. At B low-energy products of
fermentation process arereleased, such as acetate, hydrogen, and carbon dioxide. At position
Cthe morereduced intermediates such aspropionate, butyrate and others are released. Under
normal conditions (water levelE),nearly all substrate carbon passes exclusivelythrough outlet
B. Outlet C is used only if the capacity of B (as a function of methanogenic activity) is not
sufficient to balance the inflow or otherwise at normal substrate inflow, if outlet B is partially
or completely blocked as a consequence of inhibition of methanogenic bacteria. However, a
completeblocking ofthis outlet could lead to higher accumulation of diverse fatty acids(level
E), which would lower the pH and as further consequence would even cause ethanol and
lactate to be formed (outlet D). The flux of fatty acids never is zero if a complex substrate
mixture is degraded. This model represents graphically the anaerobic process and its
regulation.
According to the above described steps in anaerobic treatment, proteins defined as
linear chains of amino acids with peptide bound (Lehninger, 1975), are hydrolyzed to amino
acidsinthefirststep(Jeris&McCarty, 1965;Mclnerney, 1988). Thevarious amino acids are
deaminated via Strickland reaction (Nielsen, 1954) to e.g. higher fatty acids, which next are
fermented to aceticacid andfinally converted to methaneplus CO2.Lipids,which for themost
part are tryglycerides composed of glycerol esterified with long-chain fatty acids (Mulder &
Walstra, 1974;Larson, 1994;Lehninger, 1975) are hydrolyzed to long-chain fatty acidsunder
anaerobic conditions. The long-chain fatty acids are degraded further by P-oxidation into
mainly acetic acid, which is converted to methane and CO2 (Jeris & McCarty, 1965;
Mclnerney, 1988). The rate limiting step in the degradation of lipids could comprise the
diffusion of lipids and/or degradation of LCFA (Heukelekian & Muller, 1958) or the
liquefaction of lipids, particularly when lipids are present in adsorbed form in/on granular
sludge or present in agglomerates (Sayed, 1987). The product of the hydrolysis step, longchain fatty acids were found to represent serious inhibitors of acetogenic and methanogenic
organisms (Rinzema, 1988; Jeris & McCarty, 1965; Hanaki et ai, 1981;Novak & Carlson,
1970). Carbohydrates, polymers made of glucose sub-units (Lehninger, 1975), are converted
to volatile fatty acids as main intermediates and next via acetic acid and hydrogen to methane
and C0 2 (Jeris & McCarty, 1965; Zoetemeyer et al., 1982; Cohen et ai, 1979; Breure,
1986).
Anaerobic wastewater treatment is applied in reactors systems, where optimal
operational conditions can be maintained, particularly with respect to the retention of the
sludge and the amount of contact between sludge and wastewater. The feed generally is
supplied in a continuous mode. In the early 1970's, big advances were made in anaerobic
wastewater treatment technologywiththedevelopment oftheUpflow Anaerobic Sludge
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Alcohols,Lactate

Fatty Acids:C3-C8

Acetate, C0 2 ,(H?

Fig.1 Rain barrel model of carbon and electron flow in methanogenic degradation.
(A)inflow. (B) low outlet, representing low-energy products. (C) medium outlet,
representing fatty acids. (D) high outlet, representing high-energy products. (E)
normal water level. (F) high water level. Hydrogen at lower outlet is writing in
brackets toindicatethat itspartial pressurehastobekeptvery low(from Schink,
1988,inNachaiyasit&Stuckey,1995).
Bed (UASB) reactor system (Lettinga et al., 1980). The basic idea underlying the UASB
reactor concept isthatwastewater isintroduced atbottomofthe reactor and passes contactsa
dense layer of viable well settleable sludge, and then passes an internal baffle system for
separation of gas liquid and solids (GLS-device). Inthis settler part of GLS-device dispersed
sludgeparticles,whichfrequently arecomposed ofself-aggregating bacterial communities, are
allowed to settleout andto returnbacktothe digestion compartment. The systemsensuresan
adequate sludge retention, resulting in the required high retention of anaerobic sludge in the
reactor (Petteetal., 1980).
The first 6 m3 pilot plant was built in 1972 with at Centrale Suiker Maatschappij
(CSM), The Netherlands (Pette et al, 1980), treating sugar beet wastewater. Based on the
very promising results obtained in this pilot plant a 30 m3and later a 200 m3 demonstration
UASB-reactor was constructed in the period 1974 and 1976. Encouraged with the excellent
results obtained in the 200 m3 UASB-plant the first full-scale UASB-treatment plant with
volume capacity of 1000m3 was put inoperation in 1997for treating the entire effluent flow
of240m3/hatCSMsugarbeetfactory inHalfweg, nearAmsterdam.
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An interesting and quite important phenomenon proceeding in treating sugar beet
wastewater intheUASB pilot plantswasthe granulation ofthe anaerobic sludge. Granules of
0.25-2.5 mm developed in the reactor; the bacteria present in these aggregates mainly
consisted of rod shaped organisms. The mechanism underlying the granulation process is
based on the selection pressure prevailing in the system which results in a wash-out of finely
dispersed mater, and on strong auto-immobilization characteristic ofthe organisms involvedin
the granulation process. The granules formed posses a high settleability velocity, and as a
result they are well retained (Forster & Quarmby, 1995). The microorganisms inthe granules
are usually present in densely packed balanced communities; little space is lost for inert
support materials. The spherical granules provide a maximal microorganism-to-space ratio.
Although buoyant densities of granules are equal to densities for discrete bacterial cell,
granules show excellent settling properties because of their large size (Stoke's law) (Guiot et
al, 1992; HulshofTPol et al.,1986). Due to the long period of viable storage which can be
applied, the granular sludge of a UASB reactor can be used to seed another reactor. In this
way the period required for first start up of anaerobic treatment systems can be very
substantially reduced (Picture 1).
For illustration, the model for structure of granular sludge as aggregates as proposed
byGuiot etal.(1992)isshowninFigure2.

Picture 1. Granular Sludgefromfull scaleUASBreactor,Industriewater,Eerbeek,The
Netherlands.
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CARB.
Hydrogenicacidogen^
Sulfate-reducers
Methanosarcina sn>
H-using methanogeni
Hydrogenic acetogens
Housing methanogens
f/lethanosaeta

ssp.

Granule
G:Activeglucoseuse
P : Activepropionateuse
Hha; ActiveH2use(high affinity)
Hla ActiveH2use(low affinity)
Aha Activeacetate use(high affinity)
AlaActiveacetate use(low affinity)

Fig.2 Proposed structure of the granule population arrangement, related to a substrate and
productdiffusion modelforglucose-fed granules,fromGuiotetal.(1992).
With the development of the UASB reactor concept, anaerobic wastewater treatment
received increasinglymorecredit for thetreatment ofalargevariety ofliquid organic effluents
of different types of agro-industries and recently even of wastewaters of chemical industries.
The achieved efficiencies were equal or sometimes even superior over other wastewater
treatment systems, whilethe operational cost were distinctly lower. At data alarge number of
the reactors have been put in operation worldwide, in 1996 the registered number of the
reactors amounted to about 914(seeinTable 1).
Problems inanaerobic treatment usingcomplex wastewater
Anaerobic treatment, e.g. when using UASB reactors, for complex wastewaters such asthose
composed of proteins and lipids may be accompanied with serious operational problems.
Problems as foaming and flotation of granular sludge in UASB reactors have been reported
with wastewaters containing proteins as major pollutant. This for instance was the case for
potato processing wastewaters. As a result of these problems, heavy wash-out of granular
sludge canoccur. Moreover asahighconcentration ofammoniais
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General Introduction

produced in the degradation of proteins, also inhibition of the process could occur (Hulshoff
Pol&Lettinga, 1986;Lettinga&HulshoffPol, 1986;Fangetal., 1994).
In laboratory scale experiments Breure et al. (19866) found that the degradation of
gelatin (protein) becomes retarded at increase dilution rates, while their degradation alsomay
became inhibited by higher concentration of carbohydrates, such as glucose and lactose. In
continuos experiments conducted by Breure et a/.(1985) it was observed that turned quite
slimy after exposing the granular sludge to gelatin, and as a consequence it became more
susceptiblefor flotation and adherenceto thewallofthe reactor.
Theanaerobictreatment ofwastewater containing lipids inUASB reactors particularly
can suffer from seriously problems, once again due to heavy flotation of the granules, and
consequently wash-out ofsludge. Another detrimental effect ofthepresence oflipidsconcerns
the formation of scum layers resulting from flotation; this can cause clogging ofgas lines and
pipes, and dueto that apoorer treatment efficiency maybefound together with other troubles
(Sayed, 1987;Andersen& Schmid, 1985).
Lipids also tend to precipitate in the reactor (Rinzema, 1988), which may results in
operational problems ofthe reactor. Sothe precipitated lipids can directly detrimentally affect
methanogenesis due to substrate transport limitation problems, i.e. especially when they
adsorbed in densefilmsaround the grains, and due to serious inhibition (Perle et al., 1995)
particularly due to hydrolysis products, viz. long-chain fatty acids (Jeris & McCarty, 1965;
Hanakie/a/., 1981;Koster, 1987;Koster& Cramer, 1987;Rinzema, 1988).
The problem with lipids is not especially a poor COD removal efficiency but the
comparably low conversion into methane which mainly can be attributed to their easy
adsorption to the sludge surface and/or precipitation in the sludge. As a result the contact
betweenbacteria and substrate becomes extremely poor (Rinzema, 1988). Theprecipitation of
lipids in the UASB reactors also may lead to an increase of the dead volume in the system,
causing adecrease ofthe amount ofactivebiomass,which obviously also negativelywill affect
thereactor degradation capacity, consequently theperformance ofthe system.
Themain objective ofthisthesis isto improve the understanding ofthe mechanisms of
the degradation of complex components like proteins, lipids and carbohydrates, particularly
when present in mixture, and the causes of operational problems as mentioned above. An
improved understanding mayresult inabetter andwider application ofanaerobic treatment.
TheEGSB concept
Inexperiments conducting withraw sewageatlower ambient temperatures using 0.12m3pilot
scale UASB reactor with granular sludge it was found that a significant accumulation of
suspended solids may occur due to the very slow hydrolysis of the entrapped solids (van der
Last & Lettinga, 1992). The entrapped solids consist for a major part of lipids! Results
obtained in6 and 20 m3 pilot UASB-reactors with granular sludge even gave distinctly lower
efficiencies as compared to 0.12 m3 reactor, which was attributed to the poor sludge water
contact and the poorer removal of suspended solids. In order to improve the sludge water
contact and to reduce the dead space, some improvement can be made in the design and/or

Chapter 1

operation of granular sludge bed reactors, i.e. the use of an increased in number of feed inlet
points and application of higher superficial velocities. For that reason the expanded granular
sludge bed (EGSB) reactor was developed (van der Last & Lettinga, 1992; de Man et al.,
1988). InthisEGSB-reactor theapplied higher liquid superficial velocities, viz. 4-8 m/h, cause
the granular sludge bed to expand and partially also fluidize, which results in abetter sludgewastewater contact andtherefore useofthe degradation capacity present inthe system, andin
a decreased accumulation offlocculent sludgebetween the granular sludge. The required high
liquid superficial velocities can be achieved by applying a higher height/diameter ratio for the
reactor and/or by applying recirculation of effluent. In conventional UASB reactor the
granular sludgebehavesmore asastaticbed.
The performance characteristics of the EGSB-reactor-concept were found to be
superior over the conventional UASB-system for wastewaters containing higher fatty acids
like lauric acid (Rinzema, 1988;Lettinga etal., 1993). Based on these promising findings the
EGSB reactor was chosen in this Ph.D-research. The objective was therefore to assess
whether or not this reactor system represents a feasible option for the treatment of complex
wastewaters; e.g. consisting of a mixture of lipids, carbohydrates and proteins. Special
attention hasbeen afforded to development ofaspecial sieve-drum deviceatthetop ofreactor
for retaining buoying granular sludge, because this one of the dominant problems manifesting
withlipid containingwastewaters, and alsowastewater containing higherfatty acids.
The EGSB system so far has been applied at full scale mainly for soluble industrial
wastewaters with easily biodegradable compounds. Table 2 provides some examples of the
application oftheEGSB concept.
Scope ofthisthesis
Chapter 2 presents a survey of experiments conducted concerning the degradation of a milkfat emulsion in a laboratory scale EGSB recycle system. Special attention was given to the
mechanismunderlyingthe lipidremoval.
Chapter 3 describes investigations concerning the application of a pilot scale EGSBsystem with a complex substrate composed of protein, carbohydrate and lipid. In these
experiments the also feasibility of amodified sieve-drum design as GLS-device was tested for
the retention of buoying granular sludge. Special attention was given to the degradation of
complex pollutants, and the interactions between these components with respect to their
degradation.
Chapter 4 reports results of investigations dealing with the application of an EGSB
reactor for a mixture of beer, gelatin and a milk-fat emulsion. The EGSB reactor was seeded
with a granular sludge from a full scale UASB reactor treating recycle paper wastewater.
Different concentrations ofmilk-fat lipidswere investigated.
The results in Chapter 5deal with investigations of a substrate mixture of gelatin and
sucrose. Theeffect ofthepresenceand absence ofnutrientswasinvestigated. Attentionwas
afforded intheseinvestigationstothe effect ofpre-acidification ontheperformance ofalab
scaleEGSB reactor.
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ANAEROBIC BIODEGRADATION OFAMILK-FAT EMULSION IN
ANEXPANDED GRANULAR SLUDGE BED REACTOR
R. Petruy &G. Lettinga
DepartmentofEnvironmentalTechnology, WageningenAgricultural University
"Biotechnion",Bomenweg2,P.O.Box8J29,6700EV, Wageningen, TheNetherlands
Abstract
In theliterature relativelylittleinformation isavailable dealingwithresearchconcerningthe
anaerobicdigestibilityof lipids.In thisstudy theanaerobic biodegradabilityof lipidsinthe
form ofamilk-fatemulsion wasevaluatedusinga closedcircuitwithanExpandedGranular
SludgeBed (EGSB) reactorastreatmentsystem. The resultsobtainedrevealthat 70%ofthe
lipidswereadsorbedon thegranular sludgewithin approximately 1day and thereafter the
remaininglipidswereslowlyconvertedtomethanegas.After 26daysonly22 %ofthe milkfat COD was converted to methane. The biodegradationof lipids mainly resulted from
colloidal COD-fraction. The adsorbed COD remained greatly unaffected. The poor
biodegradation of milk-fat could be attributed to the very slow rate of liquefaction, as
evidencedbytheassessedverylowhydrolysisconstantkh, viz.beingonly0.01d1.
In order to prepare the milk-fat emulsion an anionic surfactant, sodium
dodecylbenzenesulfonate, wasused. As anionicsurfactantsarereportedas toxic compounds
to methanogenic bacteria, a toxicity test was carried out to choose a subtoxicsurfactant
concentration in order to prepare an emulsion that after dilution would not present
inhibition.
Keywords,milk-fat; lipids;EGSB reactor; hydrolysis;biodegradability; adsorption.

INTRODUCTION
Lipids arenatural neutral fats formed byesterification of long-chain fatty acidswith glycerol
(Mulder & Walstra, 1974; Larsson, 1994), Many industries produce effluents with
appreciable amounts of lipids; such as dairy; slaughterhouse; edible oil and fat refining;
rendering industry, margarine; palm oil processing; wool scouring and meat packing
industries (Koster, 1987;Rinzema, 1988;Brown &Fico, 1979;Andersen& Schmid, 1985).
Many problems are encountered in the anaerobic treatment of lipid-containing
wastewaters. Both in industrial-and laboratory-scale, application ofanaerobic reactorstotreat
wastewaters rich inlipidsaheavygranular sludge flotation and wash-out has been frequently
observed (Samson etai, 1985;Rinzema, 1988,Rinzema etal., 1993). In a pilot plant using
complex slaughterhouse wastewater, accumulated lipids formed a floating scum-layer at top
of the reactor which caused clogging in the gas and effluent lines (Andersen & Schmid,
1985). Moreover lipids, and long chain fatty acids resulting from lipid hydrolysis, cause
inhibition of methanogenic activity and also decrease the concentration of adenosine
triphosphate (ATP) (Perleet ai, 1995;Hanaki etal., 1981;Novak & Carlson, 1970;Jeris&
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McCarty, 1965,Koster &Cramer, 1987).Problems are encountered with adsorption of lipids
on granular sludge causing disintegration of the sludge aggregates by adsorption of longchain fatty acids (Sam-Soon et al., 1991; Boari et al., 1984). Furthermore, lipids prevent
granulation of flocculent anaerobic seed sludge in Upflow Anaerobic Sludge Bed (UASB)
reactors. Lipids frequently are poorly biodegradable due to the fact that the are poorly
available for organisms. Sayed (1987) studied thetreatability ofpaper filtered slaughterhouse
wastewater and he found that only 58 % and 46 % of the COD applied was converted into
methane at 30and at 20 °C;respectively, indicating a relatively poor biodegradability. These
results are in accordance with the maximum extent of conversion into methane, i.e. varying
between 40 and 49 %, obtained byNeave and Bruswell (1928) intheir study on digestibility
ofthefatty fraction in sewageattemperatures of25and 35°C.
In the literature, few studies are available dealing with the anaerobic digestion of
semipurified lipids, i.e. lipids composed only of triglycerides; most of the results reported
were been obtained with synthetic substrates or real wastewater containing other products
beside lipids such as carbohydrates and proteins. While such studies provide useful
information aboutthefeasibility of anaerobictreatment for different kinds of lipid-containing
industrial wastewaters, they do not allow the assessment of limiting conditions or reliable
insight intothefate oflipidsduringanaerobic wastewater-treatment.
Inordertoprevent problemsresulting from thepoorbioavailability of lipids, Rinzema
(1988) and Rinzema etal. (1993) used feed solutions consisting of emulsified lipids in alabscale EGSB-reactor which was equipped with a sieve-drum at the top of the reactor to
separate liquid and solid phases and to prevent floating sludge from wash-out. The main
problem encountered in the experiments was sludge flotation due to the poor conversion of
accumulated lipids into methane; consequently Rinzema et al (1988) recommended to
conduct more research in this specific field. Rinzema demonstrated that the EGSB for
anaerobictreatment ofcomplexwastewaters likesodium saltsoflauric acid and capric acid is
superior in efficiency to the conventional UASB reactor concepts because organic loading
ratesupto30kgCOD.m3.d'' could beaccommodated athydraulicretentiontimes as low as2
hours at 30 °C. Based on these very promising results we decided to use the EGSB-reactor
system inthisstudy.
In our study semi-purified lipids as milk-fat or butter-oil in the form of an emulsion
waschosen asalipid substrate; sointerference inthe interpretation of data dueto conversion
of possibleco-substrates(e.g.proteins or carbohydrates) wasbeavoided.
The compositions of common fatty acids of triglycerides from milk-fat are shown in
Table 1.Palmitic, oleic, myristicand stearic acidsarethemajor components in milk-fat.
Milk-fat was applied in the form of a stable and homogeneous emulsion, because
lipids particles then have more surface area due to their small particle size (approximately
lum) and; therefore they are more easily accessible for enzymes. For the preparation of the
emulsion, the surfactant sodium dodecylbenzenesulfonate was used (Prins & Walstra
personal communication).
The anaerobic biodegradability of emulsified milk-fat was assessed using an EGSB
reactor under conditions of low sludge-loading rates. An additional objective of the
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investigation was to estimate the toxicity of the surfactant used for the preparation of the
emulsion in order to assess a subtoxic concentration to be used in the experiment. An
additional issue of the study was to observe the behavior of the sludge bed when lipids
becameadsorbed onthegranular sludge.
Table1.TheFattyacidscompositionofTriglyceridesofMilkFat
DESCRIPTION
Butyric
Caproic
Caprylic
Capric
Laurie
Myristic
Palmitic
Stearic
Oleic
Linoleic
Linolenic

NOTATION
4:0
6:0
8:0
10:0
12:0
14:0
16:0
18.0
18:1
18:2
18:3

%OFTOTALACIDS
8.5
4.0
1.8
3.0
3.6
10.5
23.5
10.0
21.0
1.8
0.4

From Mulder and Walslra (1974)

METHODS
Preparation ofemulsion and substrate
Theemulsion used inthe experiment consisted of200gofbutter oilormilk-fat added to800
g of tap water together with 1.6 g of surfactant sodium dodecylbenzenesulfonate. Under
stirring it was then transferred to a Rannie homogenizator (APV Rannie AS- Albertslund,
Danmark) to emulsify the mixture and this resulted in a milk-fat micelle particle size of
approximately 1umindiameter after 20minutes mixingunder 30Kg/cm2 of pressure and at
a temperature of 60 °C. Afterwards, the emulsion was cooled down slowly to room
temperature and put into the refrigerator as a stock solution. In this way, it was possible to
obtain a stable and homogenous mixture of milk-fat in water for application as feed to the
EGSB reactor system.
Surfactants are reported as toxic compounds to microorganisms; therefore, we
conducted a toxicity test on methanogenesis in granular sludge. The toxicity test was
performed in accordance with a method described by Donlon et al. (1995). The
concentrations of the surfactant, sodium dodecylbenzenesulfonate, tested were 1,10, 50, 75,
100, 125and 150mg/1.
The substrate used in this study was prepared from a mixture of 59.3g of milk-fat
emulsion (stock solution) plus 2liter water containing abasal nutrient solution, plus 0.5 gof
yeast extract and it was then completed to 10 liters with tap water; the final concentration
amounted to2.7gCOD/1,corresponding to9.5 mgofsurfactant perliter.
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The milk-fat orbutter oil contained 99.8 %oftriglycerides, viz. only 0.2 % of water.
It was kindly supplied by the Dept. of Food Science, section Dairy and Food Physics at the
Wageningen Agricultural University, Wageningen, TheNetherlands.
Analysis
Thegas production and pHwere measured daily. ThepH was determined immediately after
sampling in order to avoid a pH increase due to the loss of carbon dioxide from the liquid.
Samples were taken from the effluent of the EGSB reactor for assessing the Volatile Fatty
Acidscontent(VFA)inamembrane-filtered (0.45 urn) sample. In additionthe CODofpaper
filteredsampleswas assessed (CODPF) and soluble COD (CODSOL) ofthe membrane-filtered
samples. The CODIN wasdetermined before starting the experiment and other samples ofthe
reactor contents were determined during the experiment. VFA were determined with gas
chromatography using aGCHP 5890 II (Hewlett Packard, Palo Alto, USA) equipped with a
2 m*6 mm*2 mm glass column packed with 10 % Fluorad 431 on Supelco-port 100-120
mesh. The temperatures of the column, the injection port and the flame ionization detector
(FID)were 130, 280, 200 °C, respectively. Nitrogen, saturated with formic acid, wasused as
gas carrier at a flow rate of 40 ml/min. The automatic injection volume was 1 ul. COD
(colorimetric micro-method), total volatile solids (TSS) and volatile suspended solids (VSS)
weredetermined accordingto Standard Methods (18th ed. 1992)andDutch Standard Methods
(NEN3235-4.1andNEN3235-5.3).
The amount of lipids inthe emulsion preparation wasdetermined with the Gerber test
(gravimetric), using sulfuric acid and isoamyl alcohol (Standard Methodsfor the Examination
ofDairyProducts, 1978).
Biomass
The activebiomassused inthe study consisted of atwo-year-old unfed granular sludge from
a full-scale UASB reactor treating wheat-starch (Latenstein, in the TheNetherlands). Before
use the seed sludge was rinsed in order to remove the fines and it then was stored at 4 °C
until used. The specific methanogenic activity of the sludge tested with a VFA-mixture
amounted to 0.6gCOD/gVSS.d. at30°C.
The specific methanogenic activity test was performed using a 0.6 1 glass serum flask
with a rubber septum and a screw cap. Granular sludge (1.5 g VSS/1)was transferred to the
serum bottle containing 0.1 1 of the basal nutrient and VFA mixture from a stock solution of
100:100:100 g per kg acetate; propionate and butyrate (24:31:41 COD basis) neutralized and
diluted to obtain a final substrate concentration of 4 g COD/1. Distilled water was added to
complete the medium volume to 500 ml. The liquid was flushed with nitrogen gas and the
flasks were sealed with a rubber septum and a screw cap and incubated in a temperaturecontrolled room at 30±2 °C. Methane production was monitored periodically during the
assays with modified Marriotte flasks. These flasks were filled with a 3% NaOH solution,
which served toremovethe C02, contained inthebiogas.
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The specific methanogenic activity, which is expressed as the amount of CH4 (as
COD) produced by 1g of sludge VSS per day (g CH4-COD/gVSS.d), was calculated from
the slopeofthemethaneproduction versustimecurve and divided bythe quantity ofVSS.
Theseed sludge contained 15.72%total suspended solids (TSS) and 14.2%VSS.For
the methanogenic-toxicity test, agranular sludge wasused which originated from a full-scale
UASB treating chemical industry wastewater of Shell Nederland Chemie at Moerdijk, the
Netherlands. The specific acetoclastic activity amounted to 0.744 g COD/gVSS.d, viz.
assessed withneutralized acetate.
Basal nutrients
Thebasal nutrient solution used intheEGSB experiment contained:
NH4CI 56 mg/1; K2HP04 20 mg/1; MgS04.7.H20 66 mg/1; CaCl2 1.5 mg/1; NaHC03 80
mg/1.
Micro elements: FeCl2.4H20 4 mg/1, H3BO3 0.1 mg/1; ZnCl2 0.1 mg/1;CuCl2.2H20 0.08
mg/1; MnCl2.4H20 1 mg/1; (NH4)6Mo7024.4H20 0.1 mg/1; A1C136H20 0.2 mg/1;
CoCl2.6H20 4 mg/1;NiCl2.6H20 0.2 mg/1;Na2Se03.5H20 0.3 mg/1; EDTA Ci0Hi6N2O8 2
mg/1; Resazurine 0.4 mg/1; HC1 36 % 0.002 ml. The basal nutrients used in the specific
methanogenic activity and toxicity assays had the same composition as outlined above, but a
five-fold more concentrated solution was used. All chemicals were of analytical grade
(Merck, Darmstad, FRG). The yeast extract was supplied by Gist-Brocades (Delft, The
Netherlands).
Reactor
A glass EGSB reactor (2.5 1), supplied with granular sludge (6.35 g/1VSS), was connected
withapolyvinyl chloride (5 1) storethe substratevessel (Figure 1).The substrate was pumped
from this vessel to the bottom of the reactor at a flow rate ranging from 0.33 to 0.5 1/min.
Effluent was recirculated from top of the column to the bottom of the vessel in a closed
circuit. Gas was collected from the reactor and was monitored with awet test gas meter and
thegasproduced inthevessel was monitored withaMariotteflask.Thereactorwas equipped
with a simple liquid separator (GLS)-device at itstop, viz. a device consisting of an upsidedown funnel. Table 2 summarizes the operational conditions imposed to the system during
the experiment. Theupflow velocity applied inthe reactor ranged from 9.0to 13.65m/h.The
hydraulic regime imitated that of a granular sludge bed in a full-scale EGSB reactor, and
allowed good contactbetweenbacteria and substrate.
Calculations
The calculations were based on the COD-balance, for which purpose the methane-COD is
calculated using a conversion factor of 2.485 g COD/1liter of moist CH4 at 30 °C and 720
mmHg. Other data ofCOD were obtained by analysis. In order to describe the performance
ofreactorthefollowing parameterswereused:
CODIN= total COD oftheunfiltered feed solution atthe start ofthe experiment (t=0) (mg/1).
CODPF= COD ofpaperfilteredsamplefrom the reactorcontents(mg/1).
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T5

GranularSludge Bed

A
B
C
D

EGSB-REACTOR
STORAGE VESSEL
MARRIOTTEFLASK
WETTESTGAS METER
Fig. 1. Schematic presentation ofEGSBreactor system.

C O D M F = CODofa membrane filtered sample of the reactor contents (soluble COD) (mg/1).
CODCOLL= colloidal COD(COD PF - CODMF) (mg/1).
CODVFA= CODcorresponding toVFAconcentration (mg/1).
NAS= CODof non-acidified soluble fraction ( = C O D M F - C O D V F A ) (mg/1).
M= CODcorresponding to methane produced (mg/1liquid contents ofreactor).
These basic data enable thecalculation of the various COD-fractions defined below.
Fraction of COD eliminated (CODFEL) defined as percentage of COD removed during the
experiment,
rnn
LUDFEL= (

.CODIN-CODPF
)xl00
CODIN
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Table2.

SummarizeofOperationalConditionsofEGSBreactorsystem

DESCRIPTION

DATA

REACTOR-EGSB(VolumeWorking) (1)
HEIGHT (m)
FLOW(l/min)

2.35
1.07
* 0.5; 0.36; 0.33

SUPERFICIAL VELOCITY (m/h)
CONCENTRATION OFLIPIDS(gCODA)

* • 13.65; 9.8;9.0
2.7

AMOUNT OF INFLUENT(SUBSTRATE) (1)

7.35

LOADSLUDGE (gCOD/gVSS)
VOLATILE SUSPENDED SOLIDS(g/l)(EGSB)
INFLUENT VESSEL (1)

1.32
6.35
5

TEMPERATURE (°C)

30

*

rangeof flow

*

* rangeof superficialvelocities

Fraction of COD adsorbed (CODFAD) defined as percentage of COD adsorbed during the

experiment inthe reactor. Inthis calculation,it is assumedthat COD used for cellproduction
is negligiblecomparedto CODadsorbed,

CODWCOD^X700

C0D

CODIN

Fraction of COD colloidal (CODCOLL) defined as percentage of COD colloidal during the

experiment,
CODFCOLL= (

——
LUVIN

)xl00

Fraction ofliquefied COD:
™~

,CODMF+M,

_„

COD F L = (

)xl00
CODJN

'

Fraction ofacidifiedCOD:
CODFA=(^-^)*100
CODIN

'

Fraction ofCOD convertedtomethane:
M
CODFM=r
JxlOO
CODtN

Fraction of COD remaining:
CODFREM = CODFCOLL + CODFAD
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RESULTS
Toxicity
Sinceanionic surfactants likealkylbenzenesulfonate areknownto betoxicto microorganisms
we carried out a toxicity test for methanogenic bacteria in granular sludge. The inhibitory
effects of various concentrations of the surfactant sodium dodecylbenzenesulfonate on the
methanogenic activity ofgranular anaerobic sludgetherefore should be assessed.
The results in Figure 2A shows the cumulative methane productions as a function of
time in the test conducted at different concentrations of surfactant. A severe decrease inthe
methane production occurred at higher concentrations. The decrease in methane production
rate per unit concentration of surfactant was more pronounced at low than at high
concentrations. The results in Figure 2B show the percentage of activity left at each
concentration of surfactant in relation with control (without surfactant, assuming 100 % of
the methanogenic activity) as a function the surfactant concentration. The 50 % inhibitory
concentration (IC)obtained was22 mg/1 andthe 80%ICwas 55mg.
In the EGSB-experiments described in this thesis, a surfactant concentration was
chosen inthe stock solution oftheemulsionwhichthat after dilutionwill give only asubtoxic
effect, viz. 9.5 mg/1of the substrate solution. According to Figure 2B this will cause 38 %
inhibition ofthe methanogenic activity.
Biodegradability
Alaboratory-scale EGSB reactor operating in closed circuit was used to assess the anaerobic
biodegradation of the milk-fat emulsion. The results in Figure 3A shows an elimination of
CODiN after acontact period ofone day, reaching avalue of 70%. However this elimination
mainly canbeattributed toadsorption oflipidsonthegranular sludge.
CODconverted tomethane
The calculated COD-fractions liquefied, acidified and converted COD to methane
reached only 10%, 5 % and 2 %, respectively (Figure 3B), illustrating that only very poor
biodegradation had occurred at this time. Therefore the elimination of COD obviously
proceedsviaasorption mechanism, andthe ratebiodegradation isvery low.
Followingthefirstdayafter the start ofthe assay, it can be observed thatthe adsorbed
mount of COD remained roughly unchanged, while the CODCOLL decreased slowly reaching
low values of this fraction by the termination of the assay (Figure 3A). At day 27 the
fractions of COD liquefied, acidified and converted to methane reached values of 30, 22.5,
and 22% respectively (Figure3B), and coincided withthe loss of CODCOLL (Figure 3A). The
accumulated amount of VFA reached a peak value of 120 mg COD/1 at day 5 and then it
startedto declinetolowconcentrations around 20mgCOD/1 (Figure 4).During thefirstdays
ofthe experiment, the pH dropped from 7.6 to 6.8; thereafter, the pH remained constant at a
value ofapproximately 6.8 (Figure4).
From Figure 3B it can also be observed that theNAS fraction roughly is 10% ofthe
total COD. Since this fraction remained constant throughout the entire experiment, it was
most likelynotbiodegradable.
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Fig.2 Toxicity test ofthe surfactant, sodium dodecylbenzenesulfonate.
A-Methane accumulation at different concentrations of surfactant,
o -No surfactant A -50ppm
O - 150ppm
• - 1 ppm
* -75 pp m
• - 10 ppm
• - 100and 125ppm
B-Thepercentage ofleft Methanogenic Activity at different
concentrations of surfactant relativetotheactivity assessed in
the inhibited assay.

The results in Figure 3B demonstrate that the liquefaction is the limiting rate step in
lipid biodegradation. With the exception of the non biodegradable NAS fraction mentioned
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Fig.3. A- Thecourse ofsomeCOD-fractions inrelationtotime,
o Fraction ofCOD eliminated
A Fraction ofCOD absorbed
•
Fraction ofCOD colloidal
B- Kinetics offractions ofCOD.
•
COD liquefied
O COD acidified
•
COD converted to methane
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Xa.

TIME (days)
Fig.4. AssessedVFA(VolatileFattyAcids)concentrations,andpH.
•
VFA
•
pH
above,therest oftheliquefied substratewasreadily acidified and converted tomethane.The
acidification and methanogenisisincreased inparallel withthe liquefaction of the milk-fat.
In orderto demonstratethat the liquefaction wasthe rate-limiting step,the hydrolysis
constant wascalculated byapplyingthefirstorderequation ofEastman &Ferguson (1981)to
thisstudy, as follows:

^- = -h.F(\)
at
After integration:

FO
I n — =kh.t(2)
V
F
'

The equation describes the rate of hydrolysis of an initial concentration of lipids with time,
where:
F=fractionoflipids remaining = CODFCOLL+ CODFAD
F0=initial concentration oflipids
kh= constant ofhydrolysis
t=timeofduration ofexperiment
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InFigure 5,InFo/Fisplotted againsttime(t).Fromthe linearregression the hydrolysis
constant k), was extracted. Thevalue found amounted to 0.01 d"',which indeed indicates that

y=0.01x + 0.1016
R2= 0.8183

o
c

30

TIME(days)
Fig.5. PlotofInFo/F againsttimetoobtaintheHydrolysisConstant (kh).
milk-fat biodegradation intheEGSB reactor proceedsvery slowly.
The milk-fat emulsion added to the EGSB reactor clearly rapidly adsorbed to the
sludge. This factor can be considered to very big importance, because adsorbed lipids can
strongly affect the behavior of the sludge bed, i.e. causing flotation or other perturbations.
However, adsorbed milk-fat ontheLatenstein granular sludgeused inthis study did not cause
sludgeflotation. Theadsorbed lipidscould be seenbydifference ofcolorofthegranules (the
milk-fat emulsion was white, Picture 1). Adsorption of lipids in the form of films on the
surface alsowill result inasteepdropofthedegradationrate.

DISCUSSION
Anionic surfactants are reported to be toxic to methanogenic bacteria and to be
nonbiodegradable by anaerobic sludge (Wagner & Schink, 1987). The results show that
sodium dodecylbenzenesulfonate used inthis study to preparethe milk-fat emulsion caused a
50% inhibition ofthe maximum specific methanogenic activity at aconcentration of22mg/1
and an 80% inhibition at a concentration of 55 mg/1. Wagner and Schink (1987) found a50
% inhibition at aconcentration of62.5mg/1 and an 80% inhibition at 100mg/1concentration
of sodium docecylbenzenesulfonate, indicating that our results were in agreement. The
concentrations used inthepreparation ofthefeed emulsion, viz. 9.5 mg/1,canbe considered
as subtoxic. Inthe reactor, the impact ofthe subtoxic concentration of surfactant may be less
thantheestimated value,becauseofadsorption onthegranular sludge duringthe experiment.
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Picture 1. Granuleswithadsorbed milk-fat.
Onthe otherhand it could alsobeargued thatthe surfactant increasesthetoxicity of lipids
due to dispersion and increased availability. However, in the present we did not investigate
theeffect ofthe surfactant onthetoxicity ofthe lipids inmoredetail.
Previous applications of anaerobic treatment to lipid-containing wastewaters, such as
those from the dairy industry, indeed demonstrated a poor biodegradability of lipids
(Rinzema, 1988). In this study, the biodegradability of a milk-fat emulsion found in a
laboratory-scale EGSB reactor was very poor, viz. only 30 % of liquefaction, 22 % of
acidification and methanogenesis, after 27 days of the experiment. The experiment showed
that a large part of the COD is eliminated rapidly by adsorption onto granular sludge. Clear
evidencewasobtained that adsorption wasthe main mechanism ofCODremoval
Sayed (1987) studied the degradation of a paper-filtered fraction separated from
slaughterhouse wastewater. The COD removal observed inhis experiment amounted to 86%
and 82 % at 30 and 20 °C, while the conversions to methane were only 58 and 46 %;
respectively. The poor conversion to methane clearly indicated adsorption of COD. As lipids
constitute 67%ofthe colloidal fraction of slaughterhouse wastewater, they may have had an
important role in the adsorption. The results of our experiment with respect to the COD
removal of 70%, was similar to that obtained by Rinzema (1988) and Rinzema etal. (1993)
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with 80-85 % COD removal being emulsified lipids. They also found a low conversion to
methane ofonly40%.
Thebiological elimination of COD was very slow in our study. The methanogenisis
reached only 22 % of CODIN. The rate limiting step is the poor liquefaction of the milk-fat
emulsion, as evidenced by the very low value of the calculated hydrolysis constant of h=
0.01 d"1 .
In the literature, the values for hydrolysis constants of lipids are dubious. There are
various data available dealing with sewage to calculate the hydrolysis constant of lipid, yet
the methods, and definition of lipids, are vague (Pavlostatis & Giraldo-Gomes, 1991). Most
researchers donotmentionthemethodtheyused inthe calculation and for the lipids analysis;
moreover lipids were frequently the minor component in the substrate (Gujer & Zehender,
1983usingdatafrom Heukelekian &Muller, 1958andWoods&Malina, 1965).
Inthepresent experiments,thebiodegradationthat occurred (30%)wasduetolossof
non-adsorbed colloidal lipids, as follows from the results in Figure 3A. The adsorbed lipids
were not significantly converted until the end of the experiment, indicating that it was this
fraction which was responsible for the poor hydrolysis of lipids. Presumably this poor
degradation canbe attributed tothe fact that the seed sludge used in our experiments can be
considered as greatly non-adapted to lipid degradation, and to the imposed relatively high
sludgeloads.
The sludge flotation problems experienced byother researchers (Samson etal., 1985;
Rinzema, 1988;Rinzema etal., 1993)did not occur inthis study, which likely canbedue to
the prevailing very low gas production and the fact that thetotal amount of lipids (relative to
the amount of sludge) was still too low. In other studies, conducted elsewhere the amount of
biodegradable co-substrate (e.g. protein) generally present, led to substantially higher gas
production rates, and consequently sludge flotation then would occur easier in view of
difficulties in the release of the entrapped gas from the granules due to lipid films covering
thesludge.

CONCLUSIONS
Milk-fat lipid emulsions are very poorly biodegradable in the EGSB-reactors containing a
non-adapted granular sludge. However, alarge fraction of the lipids will become eliminated
from the liquid phase by adsorption. They will be present here as a film on the granular
surface, and in this state their biodegradability is extremely poor. On the other hand the
colloidal lipid fraction that remains in the liquid phase will be slowly hydrolyzed. However
only apart ofthe liquefied lipids will be converted to methane, another part, representing 10
% of the COD, apparently can be converted into non-biodegradable matter, at least with
overloaded non-adapted granular sludge.
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PILOT SCALE EXPANDED GRANULAR SLUDGE BED REACTOR
WITH ANEW SIEVE-DRUM DEVICE FOR THE ANAEROBIC
TREATMENT OF COMPLEX WASTEWATER CONTAINING
PROTEINS,CARBOHYDRATES AND LIPIDS.
R.Petruy,J.A. Field &G. Lettinga
Department, ofEnvironmentalTechnology, WageningenAgricultural University,
"Biotechnion",Bomenweg2,P.O.Box8129,6700EV, Wageningen, TheNetherlands.
Abstract
Anaerobictreatmentofwastewatersthatcontainhighconcentrationsofproteinsandlipidsare
problematicsincetheycausesludgeflotation andsludgewash-outinupflowanaerobicreactors
usinggranularsludge. In thisstudy,expandedgranularsludgebed(EGSB) reactorswere used
withasievedrum, gas-liquid-solidseparator (GLS) device, atthetopofreactortopreventwashoutoffloatinggranularsludge. Twosievedrumdesignswere evaluatedinEGSBreactortreating
complexsyntheticwastewaterscomposedofcarbohydrates,proteinandlipids.Theseconddesign
testedcouldsuccessfullyretainfloating sludgewithoutdamaginggranularstructure. After42
days of operation with complex wastewater, 86 % of sludge bed was retained. TheCOD
eliminationduringreactoroperationaveraged54%with40%conversion ofwastewaterCOD
tomethane. Thebiodegradation of theprotein, gelatin, was evaluatedin theEGSB reactor.
Gelatin-Nwasmineralizedup90 %duringreactorstart-upasasolesubstrateinthe influent.
Howeverafteradditionofsucrosetotheinfluent, N-mineralizationdecreasedto 69 %due in
part totheextraN-uptakeofthecellsgrowingonthesugar. Batch experimentsalso indicated
an extensive degradation of variousproteins by anaerobic granular sludge. Theaverage
mineralizationofproteinNwas >95%andtheaverageconversionofprotein CODtomethane
was70 %after2weeksofincubation, andinthespecificcase ofgelatin,themineralizationwas
95%andtheconversiontomethanewas61%. Lipids(0.1g/l)intheform ofamilk-fatemulsion
were added to the reactor and. had no toxic effect on anaerobic treatability of the other
wastewatercomponents, sucrose and gelatin. Thepresented elimination of 62 %. and the
principalmechanismfor lipidremovalpresumablywasadsorption. In theexperiment, themajor
part ofeffluentCODconsistedofsolublefraction,approximately. 85 %.Theacidificationofthis
fraction proceeded veryslowly.In specificperiods, decreasesin non-acidified solubleCOD
(NAS)werefound tobeaccompaniedbyincreasesincolloidalCOD(CODCou)andvice versa,
therefore,deteriorationofsystemshouldberesultedfrom poor degradationof soluble COD
fraction. Theresultsof thisstudyindicate thatEGSB reactorscouldbeoperatedsuccessfully
withacomplexwastewaterwithoutmajorlossofgranularsludge.
Keywords.EGSB reactors, sieve drum, proteins, carbohydrates, beer, gelatin, sucrose, lipid,
milk-fat, emulsion.
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INTRODUCTION
Theapplication ofanaerobictreatment processesforthetreatment ofindustrialwastewaterswas
introduced in the 1960's. The acceptance of the anaerobic treatment systems increased after
introduction ofinnovativereactordesignswithahighbiomassretentionwereintroduced.Biomass
inthesesystemseitherretained onafixedsupportmaterialsuchastheanaerobicfilter (Young&
McCarty, 1969;Andersen & Schmid, 1985) or indense sludgegranules such asthe Anaerobic
Upflow SludgeBed (UASB)reactor (operatingwithupflow velocitiesupto 2m/h,Lettingaet
al, 1980;Lettinga&HulshoffPol, 1986)ortheExpanded Granular SludgeBed(EGSB)reactor
(operating atupflow velocitiesexceeding 5m/hinorderto expandthe sludgebed,vanderLast,
1991;vanderLastetal, 1992;deManetal, 1988;Rinzema, 1988).Akeyfeature inthedesign
oftheUASB andEGSB reactorsisthegas-liquid-solid separator (GLS).TraditionallytheGLS
consists ofatapered gascapcompartment withbaffles to deflect gasunderthecapandasettler
compartment abovethegascapto settleoutthesludgeparticles, e.g.floes and/orgranules from
the out-flowing effluent. Most full-scale anaerobic reactors installed so far are applied for
wastewaters containing relatively simplesubstrateslikeorganic acidsand carbohydrates.
Wastewaters containing ahigh concentration of proteins or fats may suffer from problems
associatedwithfoaming andscumformation, whichinducesludgeflotationand subsequently-as
a result- ina seriouswash-out ofviablesludge (Ozturk, etal, 1993;Lettinga &Hulshoff Pol,
1991;Lettinga&Hulshoff Pol, 1986).Thisisapotentiallyveryseriousproblemfor application
ofUASBorEGSBprocessestothesetypesofcomplexwastewater, suchasthosefrom dairyand
meat processing industries (Fangetal, 1994).
In order to deal with sludge wash-out problems when treating these types of complex
wastewaters, anewtypeofGLSwasintroduced for EGSBandUASBreactorsbased ontheuse
ofasievedrum placed atthetop ofthereactor (Rinzema, 1988;Yucaietal, 1988).However,
evenwiththeseproposed sievedrumGLSdevices,granular sludgewash-out remained stilltoo
highincaseoftreating lipid-containingwastewaters (Rinzema, 1988).
As a matter of fact many of the complex substrates responsible for sludge flotation are
potentially anaerobically biodegradable, although the reports in the literature concerning the
degradation for instanceofproteinsincontinuousanaerobicreactorsareratherconflicting. High
removalefficiencies ofcaseinandgelatinwereobserved inreactorsacclimatisedtotheseproteins
(ortheir hydrolysates) assole substrates (Shulzeetal, 1988;Thaveesrietal, 1994;Fanget al,
1994;Alphenaar, 1994). Ontheotherhand, apoor proteindegradationwasreported inthecase
the biomass used in the experiment, had been previously adapted to carbohydrate substrates
(Breureetal, 1986;Perleetal, 1995). Moreover, onealso should account for inhibition from
ammonia, released from highconcentrations ofproteins inwastewaters. It canleadto aserious
inhibition ofmethanogens, consequently to reactor upset (e.g.Morganetal, 1990).
Alsointheanaerobictreatment oflongchainfatty acids(LCFA)and lipids,serioustoxicity
problemsmayoccur (Koster, 1987;Perleetal, 1995).Moreover, thesecompoundswerefound
to form precipitates and stimulatetheformation of scumlayersinsidetheanaerobic reactors
(Rinzema, 1988).Inspecific cases,suchaswithsubstrateslikelauricandcapric acidsprecipitate
formation couldbeavoidedbyimprovingthemixinginsidethereactor usingeffluent recirculation
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suchascanbeapplied intheEGSBreactor(Rinzema, 1993).IntheEGSBreactors,theseLCFA
werefound tobewelldegraded andalmostcompletelyconverted intomethane(Rinzema, 1993).
Intheotherhand itwasalsofound that emulsions oflipidswererelativelyverypoorlydegraded
inEGSB-systems (Rinzema, 1988)!Asexplained inchapter 2alargefraction ofthe lipidCOD
easily and rapidly adsorbs onto the sludge and once absorbed, its liquefaction proceeds very
slowly(Petruy&Lettinga, 1997)!
Theexperimentsdescribed inthispaperconcerntheuseofamodified designofthesieve
drumgas-liquid-solid separator for granularsludgebedreactors,inordertoimprovethegranular
sludgeretention ofthereactor, especially for the treatment of complexwastewaters composed
ofproteins,carbohydrates and/orlipids.Themodified sievedrumwastested inordertoestablish
itsfeasibility ofgranular sludgebed reactorsfor treating thesetypes ofwastewaters. Asecond
important objective oftheinvestigationwastoimprovetheinsight inthefate oftheproteinsand
lipids when exposed to anaerobic treatment granular sludge bed reactors. In connection the
anaerobicbiodegradabilityofvarioustypesofproteinswasassessedinanumberofbatchassays.

METHODS
Analysis
Thegasproduction, pHandflowrateweremeasured daily.ThepHwasdetermined immediately
after effluent sampling.Effluent samplesfor chemicaloxygendemand (COD)measurementswere
made unfiltered (CODEFF), paperfiltered(CODPF) with a Schleicher & Schuell n° 595 m filter
(porosity4-7 urn,Dassel, Germany)ormembranefiltered(CODSOL)witha Schleicher&Schuell
ME filter (0.45um050 mm,Dassel, Germany).TheCODofthe samplesinfluent (CODIN)was
measuredunfiltered onunfiltered samples. Samplesfor volatile fatty acids(VFA)analyseswere
alwaysmembrane filtered.
The VFA composition was determined bygas chromatography according the methods
described inChapter2.
Measurements of effluent COD and VFA concentration were conducted three times a
week. COD(colorimetricmicro-method),totalvolatile solids(TSS)andvolatilesuspended solids
(VSS)weredetermined accordingto Standard Methods(18thed., 1992,AmericanPublicHealth
Association).
TheGerbertest (gravimetric)wasused todeterminethe amount oflipidsinthe milk-fat
emulsionpreparation, using sulfuric acidandisoamylalcohol asreagents(Standard Methodsfor
the Examination of Dairy products, 1978). In this test the milk-fats separate from other
compounds suchascarbohydrate and proteinsbyprecipitation.
Lipids in the reactor effluent were determined gravimetrically after extraction with nhexaneplusterc-butylmethylether(80%and20%respectively)accordingto StandardMethods
(18thedn., 1992,AmericanPublicHealthAssociation).
Ammonium concentration in the influent, determined periodically, was analyzed by a
photometricmethodusinganautoanalyzer accordingtoDutch StandardMethods(NEN6646and
NEN6652, 1992).
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TheEGSB Reactor
The experiments were carried out inanEGSB reactor (seeFig.1). The diameter ofthe reactor
(constructed from PVC)was29cmanditsheightwas 154cm,corresponding to atotalvolume
of 101.71 andaworkingliquidvolumeof961. Thereactor wasequippedwithoneofeithertwo
types ofasievedrum GLS-device. In experiment 1,the sievedrum wasdesigned according to
systemdescribedpreviouslybyYucaietal. (1988)inFigure2A.Inexperiment2,amodified sieve
drum designwas used as shown inFig.2B. The concentric sieve drums were equipped with3
brusherselaboratedwithplasticmaterial(eachbrushwas20cmlong,2cmwideand 1 cmthick),
that wererotated againsttheinternalface ofthesievedrumtoprevent cloggingofthesieve.(Fig.
2C).Thebrusherswereoperated continuouslyat 120revolutionperminute[rpm])inexperiment
1 and intermittently at 120 rpm, 6 seconds of operation each 20 minutes inexperiment 2. The
sievedrumwasinstalled inthecentralupperpart ofthereactor. Themainobjective ofusingthe
sievedrumwasto preventgranular sludgefrom washing-out. Thetreated wastewater (including
therecyclewater) leavesthe systemviathissieve(Picture 1,2and3).
Thebiogasleft thereactorviaa 15cmheightwater seal,Figure 1 Dl. Theamount of
biogasproduced wasmeasured usingawettestgasmeter (type 1,Schlumberger, Dordrecht,
TheNetherlands). The effluent overflowed into a small external settler with 4 1 ofvolume.
(Figure 1 E).
Thereactor systemwascontinuouslyfed from thebottomwithstock solutionscontaining
theinfluent substratesandhotdilutionwater(40°C)viafour separatelinesusingthreeperistaltic
pumps,amodel503U(Fig.1 HI)andan 101U(Fig.1 H2)Watson-MarlowpumpWilmington,
Massachusetts,USA) andoneHeidolph(Kelheim, Germany) (Fig.1 H3).
Effluent was recycled (Fig.1G) at aratio depending on the selected superficial upflow
velocity imposed to the systemsusing ahighflow pump (Seepex mono pump, Fritz Seeberger
KG,Bottrop,Germany, Fig.1 H4),whichwasconnectedtoaninvertedtubeleadingtotheinner
compartment ofthe sievedrum.
An influent distribution system was located at the bottom of reactor (Fig.1 I), and
consisted of4tubesfor theinfluent and/orbypassandonefor effluent recycle.Thereactorswere
placed inatemperature controlled room at40°C.
Inexperiment 1,thesievedrumusedconsistedofacolumnwithasurface areaof754cm2
(12cmofdiameter x20cmheight)with slotsof 0.4x4.0 mmcorresponding to 21%ofopen
areaonthesieveface. Theupperrimofthesievedrumwasplaced9.8cmfrom thetopofreactor.
Thedistancebetween the liquid-gas interface andtheupper rimofthe sievedrumwas4.8cm,
corresponding to aquiescent zoneabovethe sievedrumwithavolumeof2.61 (Figure2A).
Thefeed inletdistribution system(onetube)atthebottom ofthereactor used8apertures
(holesof 1.6 mmofdiameter).
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Fig.1 SchematicpresentationofthepilotscaleEGSBreactorusedinthisstudy.
(A)EGSBreactor.(B)SievedrumGLSdevice. (C)Motoroperatingrotationofbrushto
cleanGLS.(D)Wettestgasmeter.(Dl)Waterseal.(E)Effluent overflowandsludge
settler.(F)Peristalticpumpsgoingtheinfluent.(G)Recirculationline.(H) Pumps.
Initially,infact onlyinthe"first" start-up,thereactorwasoperated atanupflow velocity
of6m/hresultinginaflux of26m3/m2.hthroughtheaperturesofthe sievedrum. Theimposed
hydraulicretentiontime(HTR)was6hoursandtheorganicloadingrate(OLR)amountedto 8.4
g COD/1.dataninfluent COD2.19 g/1.Therecirculation ratewas 24:1. Asecond start-upwas
carried out with a new batch of fresh granular sludge and several changes in the operational
conditionsweremade.The substrateconcentration wasdecreasedto 1.13 gCOD/1,theOLRto
4.4gCOD/l.d andtheupflow velocitywasreduced from 6m/hto 0.84 m/h,correspondingtoa
fluxthroughthesievedrumaperturesof4m3/m2.h.Therecirculationrateinthenewstart-upwas
4:1. Theexperiment wasterminated after 1 month ofoperation.
In experiment 2, different sieve drum wastested, viz. with holes of 2 mm in diameter,
placed at3.5 mmdistancefrom oneanother (Fig.2B)providing anaperture area of30%ofthe

40

Pilot Scale EGSB withNew Sieve Drumfor Complex Wastewater

CO

E
o

r_c±_

! II IIIIII II11
II II M I I I I I M I I

Vi'iViViWi'i'i'i'iV
II I l l l l l l l l l l l I

Fig.2. DesignofsievedrumusedbyYucaietal.(1988)(A)usedinexperiment 1 andthe
newdesign (B)usedinexperiment 2. In(C),schematicrepresentation ofbrasher
insidethesievedrum.
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Picture 1. EGSBreactorplant.

V ': -

Picture2. Sieveusedinexperiment2.
Picture3. Sievedrumusedinexperiment2.
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sieve drum surface area. The sieve surface area was 754 cm2 (12 cm of diameter x 20 cm of
height). Thesieveused waspunctured. Thefluxthroughtheaperturewas 18m3/m2atan
operational upflow velocity imposed of 6 m/h in the reactor. The recirculation rate in the
experiment 2 was 25:1. The sieve drum was placed 17 cm below that in experiment 1;
consequently, 21.8 cmbelow the liquid-gas interface resulting ina quiescence zone above the
sievedrum of 12 1.
Thefeed inletdistribution systeminexperiment2consisted of 12distributionpoints(holes
of2mmofdiameter),directedtothebottomofreactor.A 15cmthicklayerofgravel,glassballs
(size 1-2 cm)and ofceramicrings(size0.5x 1.0 cm)wasplaced abovetheinletpipesinorder
to distributetheinfluent better andtoreduceshearforces ofhighincomingliquidflowvelocities
on the overlyinggranular sludge.
Preparation ofthewastewater
Thewastewaterusedinexperiment 1 wascomposed ofbeer,gelatinandamilk-fat lipidemulsion
inaCODratioof 1.0; 1.0; 0.13 g/1,givingaCODconcentration of2.13 g/1.Forthesecond startup,theconcentrations ofgelatinandbeerwere decreasedto 0.5 and 0.5 g/1 COD,respectively,
whilethelipidwasmaintained atthe sameconcentration asinthefirststart-up.
Thebeerusedwasacommerciallyavailablelowalcoholbeer(BrouwMeester 1.5 %vol.
alcohol,Brouwerij B.V. West, TheNetherlands) withaCODof80g/1.
The gelatin used was technical grade obtained from Boom B.V., Meppel, The
Netherlands, with aCOD-content of 1.15gCOD/g ofgelatin. The amount of gelatin-nitrogen
(gelatin-N)was0.157gN/ggelatin (0.137gN/gCOD).
Thelipidemulsionwasprepared accordingtomethod describedinChapterII(Petruyand
Lettinga, 1997)with pure milk-fat (99.8 %) which was kindly provided bythe Dept. ofFood
Technology, Wageningen Agricultural University, Wageningen, TheNetherlands. The milk-fat
lipid contained 2.61 gCOD/goflipid.
Thewastewaterusedinexperiment 2wascomposed ofsucrose(SuikerUnie,Breda,The
Netherlands) gelatinandlipid emulsion. Therelativeproportions ofeachsubstratewerevaried.
Initially, onlygelatin wasused andthe next period amixture ofgelatin and sucrose, and finally
amixtureofgelatin, sucroseandlipidsaccordingtothefeeding scheduleshowninTable 1.The
CODconcentration oftheinfluent aswellastheOLRapplied arealso showninTable1.
Each substrate component was prepared in concentrated stock solutions with the tap
water andwerediluted withhotwater before being added asfeed tothe reactor.
Sodiumbicarbonate, commercialgradewasaddedtotheinfluent asabuffer inexperiment
1and2atarateof 1 gofbicarbonate for eachginfluent CODapplied.Nutrientswerenotadded
inanyoftheexperiments.
Biomass
Thesludgeusedinexperiment 1 wasobtainedfromafull scale UASB treatingpotatoprocessing
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wastewater (Aviko, Steenderen,TheNetherlands).Thesludgewaselutriatedtoremovethe fines
and then stored for 4 weeks at ambient temperature until it was used. The maximum specific
methanogenic activity ofthe sludgeamounted to 0.5 gCOD/gVSS.d at 30°Cusing4gCOD/1
Table1. Feedingscheduleandfeedcomposition duringtheoperationof EGSBreactorin
experiment2
DESCRIPTION

DATA

SchemeofFeeding
days

feed composition"

0-1

(G)

1-2

OLR"

Influent COD

SLR"*

(g COD/l.d)

(g COD/gVSS.d)

0.23

0.9

0.03

(G)

0.42

1.7

0.05

2-6

(G)

0.74

3.6

0.1

6-8

(G+S)

0.74+0.37

5.4

0.16

8-13

(G+S)

0.74+0.72

6.5-7.3

0.2

13-14

(G+S)

1.16+1.18

11.2

0.3

14-42

(G+S+L)

1.23+1.23+0.26

11.4-14.1

0.4

(gCOD/1)

* G=gelatin
S=sucrose
L=lipid(milk-fat)emulsion
**OLR=organicloadingrate
***SLR=sludgeloadingrate

of a VFA-mixture (24:31:41 acetate; propionate; butyrate on a COD basis) as substrate. The
sludge sedimentation velocitywas 13m/h.Approximately 24.5kg ofwet sludgewasapplied to
the reactor inthefirststart-up experiment, providing an initial sludge concentration of 21.5g
VSS/1 insidethereactor. Inthe second start-up also24.5 kgofnew sludgewasused.
Theanaerobicgranularsludgeusedinexperiment 2wasobtainedfromafull-scaleUASB
reactortreatingpapermanufacturingwastewater (Industriewater, Eerbeek, TheNetherlands).The
sludgewaselutriatedtoremovethefinesandthan stored forfivemonthsat ambient temperature
untilitwasused. This sludgewasmore denseand its sedimentation velocity amounted to 84.4
m/h.Themaximum specific methanogenic activitiesfor theEerbeek sludgeat40°C(simulating
thetemperature conditionsinthecontinuousreactor)usingeither4gCOD/1 oftheVFA-mixture
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or acetate assubstrates, were 0.495 and0.627 gCOD/g VSS.d; respectively. Approximately 20
kg wet sludge was supplied tothe reactor, which corresponded toa sludge concentration of 32.75
g VSS/1insidethereactor at start-up.
Batch tests forassessment ofbiodegradability and specific methanogenic activity
The anaerobic biodegradability of various types ofproteins to methane wasevaluated in static
batch assays of0.5 1at 30 °C. TheAviko granular sludge wasused at a concentration of2 g
VSS/1. In each batch, 0.1 1ofbasal nutrients (Brons et al., 1985) wasadded. Theduration of
experiment was 2weeks. The initial pH was setbetween 7.0to7.4. The proteins used originated
from potato (Aviko), corn (zein, Sigma, St. Louis, MO,USA), milk (casein, Sigma), gelatin
(Sigma), egg(Dep. of Food Technology, Wageningen Agricultural University, The Netherlands)
and bovine serum albumin (Sigma) andthey were tested ataconcentration of3.6 to5.8gCOD/1.
In the experiment, sludge blanks were used to correct for background methane and N H / - N
production.
The maximum specific activities of the sludge were assessed according Chapter2.
Calculations
The performance of experiment 2 wasevaluated byusing parameters based onthe following
calculations.
COD removal efficiency (E) = 1 0 0 * ( C O D I N - C O D P F ) / C O D I N
Methanogenisis (M) = 100*(1CH/d from thereactor)*2.494/(V R *OLR); where, 2.494 is factor
of conversion CFL,(1)to COD (g)at40 °C
Acidogenesis (A) = M + 1 0 0 * ( V F A / C O D , N )
Colloidal COD (CODCOLL) = COD PF - CODMF

Coarse suspended solids COD (COD CO ARSE) = CODEFF - COD PF
Non-Acidified Soluble COD (NAS) = CODMF -VFA
% ofmineralization of protein = NH 4 + -NEFF/NIN X 100
NIN = concentration of gelatin (g/1) * 15.7% (concentration of nitrogen ingelatin)
Where:
VFA =volatile fatty acids effluent COD (mg/1)
CODIN =unfiltered influent COD (g/1)
CODEFF =unfiltered effluent COD (g/1)
CODPF = paper filtered effluent COD (g/1)
CODMF =membrane filtered effluent COD (g/1)=CODSOL = soluble COD(g/1)
V R = volume ofreactor (1)
OLR = organic loading rate (gCOD/1,d)
NIN= concentration ofgelatin-N (gN /l)
NHZ-NEFF = concentration ofammonium nitrogen measured inthe effluent
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RESULTS
Gas-liquid-solid separator device performance.
Two experiments were conducted with the EGSB reactor using a wastewater composed of
carbohydrates,proteinsandlipidsasfeed. Theseexperimentswereconductedtocomparethetwo
sievedrumdesignsfor useasGLSdevice.
In experiment 1,the sieve drum design of Yucai (1988) was used (Figure 2A) and in
experiment 2,aimproved designfor the sievedrumwasutilized (Figure2B).
TheEGSBreactor inexperiment 1 wasstarted witha solution containing 2.13 gCOD/1
and at an OLR of 8.4 g COD/l.d at a HRT= 6 hrs. The sludge loading rate (SLR) applied
amounted to 0.4 g COD/gVSS.d. The upflow velocity used was of 6 m/h and a recirculation
factor of24:1 wasapplied.
Inthis experiment, already after 17hours of operation, the granular sludge bed floated
heavilyduetoadsorption orpoorreleaseofbiogasproduced. Whilefloating, thegranular sludge
was sucked onto the sieve drum surface dueto the flux of effluent across the sieve drum asis
depicted intheillustrationinFigure3A.Consequently, thegranular sludgewascrushed bybeing
pressed ontheslotsofthesievedrum. Thefineparticlesformed rinsed outfromthereactorand
consequently they alsowererecycled for major part duetothehighrecyclefactor applied. The
continuousoperation ofthebrusher (Fig.2C)alsocontributed tothecrushing ofgranularsludge.
Thesituation soonaggravated bythecontinuousrecirculationofwashed out sludgeparticleswith
the effluent. As a consequence, the sieve drum became severely clogged and the experiment
therefore hadtobeterminated alreadyafter 17hoursofoperation. Atthat time,theliquid phase
presentinthereactor appearedto completelyblackduetothepresenceofsuspended crushed fine
sludgeparticles.Apart ofthesefines formed ascumlayeroftheliquidinterface atthetop ofthe
reactor. Moreoverthegranular sludgeused wasalmost completely lost.
Inordertofindaproper solutionfor these problems, a second start-up was carried out
4 days later with a new batch of sludge, but under different operational conditions, such as
decreased OLR to 4 g COD/l.d, and at a reduced up-flow velocity from 6 m/h to 0.84 m/h.
Nonetheless, sludgeflotation stilloccurred, once againdueto apoor releaseofbiogasfrom the
granules.However, thefloating granulesnowmostlyreached the quiescent zonepresent inthe
top of reactor, because the suction flux across the sieve-drum was lower than before. In the
quiescent zonepart ofthegranulesstayed sufficiently longtoreleasetheadsorbed gas.However
asdepicted inFigure3B,thevolumeofthequiescentzoneinthereactorwasstillverysmall,only
2.61andtherefore, the slowlyaccumulating layer offloated granular sludgealsointhis reactor
soon came incontact with the sieve drum where it was exposed to the crushing action ofthe
brusher. As result of these detrimental conditions more than half of the seed sludge was lost
already after one month ofoperation. At that time the amount of sludge present inthe reactor
amounted to 10.75gVSS/1.
In order to improve the sludge retention, a new GLS device (Figure 2B) was used in
experiment 2. Themainfeature ofthisnew designisthelarger quiescent zone;for this purpose
theupperrimofthesievedrumwasnowplaced 21.8cmbelowthegas-liquid interface. Asa
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Fig.3. Illustrations depictingthebehavioroffloatingsludgeinthesievedrumdevice,i.e.(A)and
(B)thesystemused inexperiment land (C) inexperiment2.
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result ofthelarger"quiescent"zone,thefloating sludgewasenabledto releasetheadsorbedgas
sufficiently rapidly,sothatthelayerofbuoyinggranular sludgeremained smallandthesludgewas
not exposedtocrushingbythebrusher(Figure3C).Moreover, becausetheapertureareaofnew
designwasapproximately 50% larger, the flux through the sievedrum alsowas lower. Alsoa
different type ofgranular sludgewasused inthe experiment with a superior settleability (84.4
m/h). A new distribution system was installed at the bottom of reactor to provide a better
distributionofflow andlesserosionofthegranulesbyshearforces oftheincominginfluent flow.
Asaresultofallthesemodifications littleifanycrushingofthesludgeandtherefore sludgewashout occurred, and consequentlythe sludgeretention ofthereactor wassubstantially better, asis
evident from thelow average value of coarse suspended solids inthe effluent (CODCOARSE=54
mg/1).Attheendofexperiment, after 42daysofoperation, anamount of28gVSS/1 asgranular
sludge was measured in the reactor which is approximately 86 % of the initial sludge
concentration.
Treatment performance ofthecontinuously operated EGSB inexperiment 2
Theperformance ofthereactor inexperiment 2alsocanprovideuseful ininformation aboutthe
processesthat occur inthesystem, especiallywithrespecttothemajor polluting componentsof
thefeed used intheexperiment. Athorough evaluation ofthedatatherefore isworthwhile. The
reactorwasfed forthefirst6days(period 1)withgelatinasthemeresubstrate.Despitethelow
OLRimposedtothesystem,apoorconversion ofCODto CH(approx. 20%)wasfound (Fig.4).
Inthesubsequentperiod,fromday6to 14,thefeed consistedofamixtureofsucroseandgelatin.
Although a higher OLR was applied, the conversion efficiency increased, viz. up to 50 % for
methanogenesis at upto 60%for acidogenesis about 70% ofthe COD elimination (based on
CODPF). Thesevalues obviouslyare stillfar from satisfactory! Based ontheperformance found
duringthisphasewecanconcludethatapparently sucrosewasabettersubstratethangelatin,but
thesystem(sludge) stillwas overloaded.
Thebiodegradation ofgelatin canbeevaluated onthebasisofmineralization oforganic
nitrogen contained in gelatin, consequently the formation of NH/-N. For this purpose, we
therefore measuredtheeffluent ammoniumconcentration. Duringperiod2,from day6uptoday
14, the mineralization of the gelatin-N ammounted to approximately 90 %. However, after
increasingtheOLRatday 13fromapproximately.. 7to 11,thegelatin-N mineralization dropped
to 69 % (Table 2) and the treatment efficiency dropped from approximately 75 to 50 %.
Obviouslytheimposed OLRisfar toohigh!
Startingfromday 14,0.26gCOD/1 oflipidswereaddedtotheinfluent ofthereactor for
therest oftheexperiment, buttheOLRremainedunchanged atapproximately 13.Theresultsin
Table3showtherecoveryoflipidsinthereactor effluent. Theelimination oflipidsaveraged to
62%. Theprincipal mechanism for lipidremovalpresumably was adsorption.
The results in Fig. 4 reveal that during period 14-42 days, both the COD removal
efficiency andtheconversionintoCHgraduallydropped further. Atday42,only35%oftheCOD
influent wasconverted to methane,whichis 15%less,compared today 14(Figure4).
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TIME(DAYS)

Fig.4. Courseoftreatmentefficiency obtainedinEGSBreactorexperiment2;basedonCODpF
elimination( • E%),conversiontoVFAandmethane,acidogenesis(DA%)andconversion
tomethane, methanogenesis(•M%).
The results of the COD analysis made on the effluent, i.e. total, paper filtered and
membrane filtered COD are summarized in Table 4 together with the calculated values for
CODCOARSEand CODCOLL Moreover Table4 summarizes alsotheassessed valuesfor theVFA
andthecalculatedvaluesofnon-acidified solubleCOD.Thecolloidal solidsintheeffluent ranged
from 8to 280 mg/1of COD, approximately 0.6 to 23 % of the unfiltered effluent COD. The
largest fraction of COD in the effluent consists of soluble matter viz. it accounted for
approximately 85%oftheunfiltered effluent COD. Theeffluent VFAconcentrations variedin
therange 300to 500mg/1 andappreciablefluctuationswerefound intheNAS,viz.theyranged
from approximately400to850mg/1 ofCOD.Apparentlytheacidification ofpart ofsolubleCOD
proceeded slowly ifat all. Fromthe results showninFig. 5it appearsthatfluctuationsinNAS
might be associated with changes in the CODCOLL- Decreases in NAS were found to be
accompanied byincreasesinCODCOLLandviceversa.Thereactor pHinexperiment 2wasstable
between 6.5 to 7.0 (Fig.6)
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Table 2. The extent ofnitrogen mineralization duringthe operation
ofEGSB reactor inexperiment 2
DAY

N,N

7
9
13
14
15
16
19
23
26
28
30
33
35
37
40
42
49
51

103
94
104
159
182
159
175
170
173
166
177
175
173
140
164
153

NH4-NEFF(measured)
(Mgfl)

Unrecovered Nitrogen
(mg/1)

118
83
85
141
123
137
135
93
131
99
99
123
116
876
117
98
287
290

-

11
19
18
59
22
40
77
42
67
78
52
57
64
47
55

% Mineralization
ofprotein-N
115
89
82
89
68
86
77
54
75
60
56
70
67
54
71
64

•N IN -NH 4 -N EIT
NIN= influentNconcentrationbasedonNcontainedingelatin.
NHI-NEFF= effluent ammonium -Nconcentration.
**calculusof % mineralizationN.

Table3. Lipid concentration in influent and effluent sample during the operation
ofthe EGSB reactor inexperiment 2
DAY

COD,N(g/l)

COIWg/1)

% REMOVAL

20

0.32

0.091

72

23

0.22

0.071

68

26

0.21

0.096

54

30

0.21

0.120

43

33

0.25

0.104

58

36

0.25

0.093

63

40

0.22

0.084

66

42

0.21

0.052

75

1g ofmilk fatlipidof the emulsion = 2.61 g COD
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TIME (DAYS)

Fig.5. Theconcentration ofeffluent colloidal COD( • ) andnon-acidified soluble
COD(•) duringthepilot-scale EGSBreactoroperation.

Xa.

20

30

40

TIME(DAYS)
Fig. 6. Thevariations ineffluent pHduringthepilot-scale EGSBreactoroperation
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Batch test
In order to assess the anaerobic biodegradability of proteins abatch test was carried out. The
results ofbatchbiodegradability assaywith different types ofproteins originating from potato,
corn (zein),milk(casein),gelatin, eggandbovine serumalbumin (>95%)are summarizedin
Table 5.Itappearsthat allproteins aredeaminated(mineralized) quitewell,buttheirconversion
into CH4ismuchlower, i.e. itranged from 55to 86% after 2weeksat 30 °C.Inthe specific
case of gelatin, the mineralization of protein-N was 95 %, while its conversion into methane
amounted to 61.4%.
Table5. Theanaerobic degradation ofvariousproteins toCH4andNEU+-N
after 2weeks at30°C, inabatchassay
Protein
Concentration
Methaniz.*
Mineral.
CODTS
type
% TKN
COD
TKN
%COD
R/l
72.9
1.22
5.84
0.675
96.0
potato
85.9
corn
1.11
3.62
0.443
96.5
77.8
milk
3.62
0.364
103.8
1.32
0.777
61.4
gelatin
1.12
5.81
95.0
3.62
0.484
66.0
1.34
103.9
egg
54.7
BSA**
1.21
5.81
0.605
104.1
*Methaniz.= percent conversion CODtoCHj
Mineral. =percent conversion TKNofproteintoNH/-N
**bovine serum albumin
TS=total solid protein (g)
TKN=total kjeldahl nitrogen

DISCUSSION
The results obtained clearly revealed that serious problems may manifest in the anaerobic
treatment of solutions containing higher concentrations of proteins and lipids, such as heavy
granular sludgeflotationand wash-out. Consequently, a granular sludge bed reactor like the
EGSB systemneedsdevicestoprevent sludgewash-outwhentreatingwastewaterswithproteins
and lipids. The sieve drum GLS device, which uses a screen at the top of reactor to prevent
granular sludgewash-out represents apotential solution for these problems inEGSBreactors.
The results of the investigations conducted clearly demonstrated that the sieve drum
design proposed by Yucai (1988) does not represent the proper system for granular sludge
retention. Thisisespeciallytruefor bigfluxesthroughtheapertureareaofthe sieve(26m3/m2.h
atupflow velocity of6m/h)buttheproblems stillprevail after theup-flowvelocitywasreduced
to 0.84 m/h,corresponding to afluxthroughthe sievedrumface ofonly4m3/m2.h. Atthislow
flux sludgewash-out continuedtooccur duetothefact thatthefloatinggranulesdidnotrelease
thegassufficiently rapidlyorthattheystayedtolongatthegas-liquid-solid interface. Asamatter
ofthevolumeofthequiescent zoneabovetheupper rimofthe sievedrum shouldbeincreased,
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inorderto prevent thegranulesto be exposed to the crushing forces ofthebrusher. In suchas
enlarged sludge scum layer volume, sufficient time is allowed for the granules to release their
accumulated gas, sothat they settleback intothe sludgebed intime.
The modified design of the sieve drum used in experiment 2 gave an improved sludge
retentionmainlybecauseofthelowerfluxasaresult ofgreater aperturearea(from 21to 30%)
andthelowerposition ofthe sievedruminthe reactor and consequently the greater volumeof
the quiescent zone sothatfloatingsludgegranules nolonger became indirect contact withthe
rotatingbrusher. Fromthecalculations ofthe cumulativewash-out ofsludgeit appeared thatin
experiment 2.6 gVSS/1 ofthe sludgerinsed out from the reactor during 42 days of operation,
which isrelatively low compared to the initial concentration of 32.75 g VSS/1 used at reactor
start up. Also the intermittent instead of continuous operation of the brusher positively
contributed tothebetter performance. Afurther factor ofimportance inthisrespect wasthe
improved influent distribution systemwhichgave less shear forces at thebottom ofthe reactor
inthesludgebed,andtherefore alowerdamagetothesludgegranulestructure.Finally,alsothe
choiceofagranular sludgewithabetter settlingvelocityof84.4m/hcompared tothat of 13 m/h
for the sludge from thefirstexperiment obviously contributed to the better performance ofthe
system. Through allthesefactors sufficient timeisleft tothe sludgetoreleaseadsorbed gasso
that itisenabled to settleout intimebacktothe sludgebed
Anotherimportant objective ofthestudywastoget abetterinsight inthebiodegradation
ofcomplexsubstratecomponents. Thedegradation ofproteinsforms apoint ofcontradictionin
theliterature. Someresearchersfound ahighremovalefficiency ofcasein andgelatininreactors
suppliedwithsludgeacclimatizedtothosetypeofproteins(Shulzeetal, 1988;Fangetal,1994);
but others observed a poor degradation of protein when sludges previously adapted to
carbohydrates (Breureetal, 1986,Perleetal, 1995).Theresults ofthebatchtests conducted
in our study indicate that the deamination of proteins generally proceeds well, viz. it reaches
values readily exceeded 95 % of theN contained in the proteins. However the conversion of
proteinsinto methaneonlyranged between 55to 86%withinaperiod of2weeksofincubation.
Theseresultscorrespond withthosefound inbatchexperiments;ofMoosbubrugger etal (1990)
using casein, Schulze etal (1988) studying gelatin and Sarada and Joseph (1993) researching
tomato proteins.Allthesefindings indicatethat the anaerobic treatment systems operating ata
highhydraulicretention time should becapableto provide a 55-86%conversion ofproteinsto
methaneunder conditionsofalmost complete deamination. Apparently arather highfraction of
the proteins is converted into soluble or non soluble and relatively very poorly anaerobically
biodegradable compounds.
InthecontinuousEGSBreactor, weindeed observed adeamination ofgelatin-Nviz.up
to 90%at40°C, similarto observations reported byothers (Breureetal, 1985,Breure &van
Andel, 1984;Alphenaar, 1994)incontinuousreactors.Butthe conversion tomethaneremained
very low in our experiment, viz. only 20 %. This very low methane yield compared to that
obtainedinthebatchexperiments, likelycanbeattributedtotheimposed shorthydraulicretention
timeof4hoursintheEGSB-reactor. Thehigherlevelsofmethanerecoveryfromgelatinreported
by Breure et a/.(1985) and Breure and van Andel (1984) in their continuous reactor studies
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presumablycanbeattributedtothebetteradaptation ofthesludgetotheproteinaceous substrates
used! Apparently sufficient timehasto beinvested for adaptation.
The presence of sucrose in the feed following day 6 had a detrimental effect on
deaminationofgelatin. AccordingtoBreureetal (1986)carbohydrates maysubstantially lower
thehydrolysisofgelatin, andtherefore sucrosecouldnegativelyaffect thefermentation ofprotein.
Thepresumed inhibition ofproteinfermentation maybeassociated withtheincreased hydrogen
pressure dueto the degradation of carbohydrates (Fox &Pohland, 1994;Hanaki etal, 1987;
Breureetal, 1986).
Another factor tobeconsidered isthat the ammonium released from the degradation of
proteins serves for the growth of acidifying biomass, e.g. growing on sucrose. The uptake of
nitrogencanbeestimatedfromthegrowthyield ofthesucrose degradingconsortium, viz.being
0.22 gCODofbiomassaccordingto (Pavlosthatis&Giraldo-Gomes, 1990)and theN-content
ofthebiomass(COD),viz.0.087gN/gbiomassCOD(McCarty, 1990).Based onthese figures
andthe average consumption ofCODinthe period 14to42days,whichwas 1335mgCOD/l,
weestimatedthat thenitrogenuptakewould amountto 26mgNH/-N/1. Thisvaluerepresents
50%oftheunrecovered N (52mg/1).ConsequentlytakingtheN-uptakebycellsinto account,
the extent of protein degradation inthe period between days 14 and 42 would amount to an
averagevalueof84%.ThisvalueisincloseagreementwithN-mineralizationfound inthebatch
biodegradation assayswithvarioustypesofproteinsandbyadapted sludge.
Withrespecttotheinfluence oflipidsontheoperation oftheEGSB reactortheresults
reveal that at a low concentration (0.100 g/1)inthe form of a milk-fat emulsion lipids do not
seriouslyaffect theCODremovalefficiency ofthesystemandthemethaneyield.Aconcentration
of lipids of 100g/1apparently is not toxic, which corresponds to observations made in other
studieswithlipidsandLCFA (Koster &Cramer, 1987;Hanakietal, 1987;Perleetal, 1995).
From results of the analyses of lipids in the effluent we found a removal of 62 %. Since the
addition lipidstothe feed did not result inaclear extra methane production, the main removal
mechanism probably is adsorption on the sludge, also found as previous EGSB experiment
presented inChapter2.
Theresultsobtained inexperiment 2reveal gradually drop inthe CODelimination from
approximately 60%atday24to approximately 40%around day42,and alsotheconversionto
methane of influent COD during period 14-42 continuously decreased. After the OLR was
elevatedfrom about 7to 11atday 13asteepdecreaseintheCOD-removalefficiency occurred,
followed byaslighttemporaryrecovery. Itisobviousthatthesystemcouldnotaccommodatethe
imposedload of 11.2gCOD/l.dandinfact evenalreadywasoverloadedintheperiod6-12,when
theOLRwasintherange5-7.TheresultsinTable4clearlyrevealthatthemethanogenicactivity
wastoolowtoeliminatetheVFA-produced. Thecontinuingdeteriorationinperformance atleast
partiallycanbeattributedtotheoverloading. Anotherreasonforthatpoorperformance likelycan
beattributedtoalackofnutrients.Butanadditionalreason ofthedeterioration ofthesludgevery
likelycanbefound intheaccumulation ofadsorbed substrateingredientsin/onthe sludge. Part
oftheseingredientsmightbecomposedofdegradationproductsoftheproteins,butaccumulating
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lipids certainly contributed to major part! As also found by Sayed (1987), such a continuing
accumulation alternatively willleadto acompleteupset ofthe system!
Thecomplexityoftheprocessesproceedinginthereactor clearlymanifests from thedata
showninFig5!ApparentlyNAScanpassintocolloidalmatterandviceversa. Thereason(s)why
thephenomena occursis(are) obscure.Verylikelythefraction NASconsists-at leastpartiallyoffinecolloidalmatter,whichpassesa0.45ummembrane.Whateverthereasonsfortheincrease
inthe sizeof particlesmaybe,it isclearthat thebiodegradability ofthecomponents presentin
the fractions CODCOLL and NAS is very poor, and that these fractions together comprise
approximately. 25-35 % ofthe influent COD during the period 15-42, the period where lipids
werepresent inthefeed. Intheperiod priortothefeeding withamixtureofgelatin, sucroseand
lipid,both fractions already were present but in a significantly lower amount, although a steep
increase occurred at day 14of NAS, consequently immediately following the elevation ofthe
OLR. Thisisthemorepeculiar, becauseat day 13 the concentration ofNAS and CODCOLL,but
particularlythatofNASwaslow!Fromtheseobservationsitcanbeconcludedthattheformation
ofNAS and CODCOLL inthe somewayor another isassociated with the extent ofoverloading
ofthe system, and certainlynot merelycanbeattributed tothepresence oflipidsinthe feed.
Abovewe mentioned that the accumulation ofadsorbed components very likely canbe
designated isamajor reasonfor thegradualdeterioration ofthe system. Ontheother hand itis
clearthat asubstantial amount ofpoorlybiodegradablefines(NAS+ CODCOLL)is"produced"in
thesystem.Thesefinespresumablyoriginatefrom somekindof"desorption" processproceeding
in/onthe sludge.Regarding the continuing deterioration ofthe system, this presumed dynamic
sorption-desorption processinsistsinthesystemandacompleteremovalofVFAisnotachieved.
Asaconsequence it isdoubtful ifanyrecovery will occur whenthe OLRwould be reduced to
significantly lowervalues!Itisneededtostudytheabovementioned dynamicprocessofsorptiondesorption inmore detail.Regarding theverycomplex character oftheprocessestakingpartin
this"phenomena', we suggest to investigatethis matter with a limited number of well defined
compounds, e.g. solutions consisting ofoneLCFAand for instance with and inabsence ofthe
gelatin.Butalsomoreattention shouldbeafforded tothephenomena occurring inthetreatment
ofgelatin inabsence and presence ofthe sucrose. And last but not least, much more attention
should beafforded tothequalityofthe sludge,particularlythe extend of adaptation.
Presence of a sufficient amount of all essential nutrients is a prerequisite for a good
performance because the microbial regeneration strongly depends on that, while also rates of
substrate metabolism arenegatively affected incaseof nutrient limitation. Accordingto Speece
(1983) the nutrients in decreasing order of importance for methanogens are: nitrogen, sulfur,
phosphorous, iron, cobalt, nickel, molybdenum, selenium, riboflavin and vitamin Bi2. In
experiment2,theamount ofnitrogenwassufficient asaresult ofthe degradation ofgelatin,but
the other nutrients likelyhavenotbeenpresent insufficient amount.
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CONCLUDING REMARKS
The new sieve drum design proposed in the present investigation performed fairly well with
respect to its ability to retain granular sludge in an EGSB reactor when treating complex
wastewaters ofthetype studied. An important feature of the new design comprises the larger
volumeofquiescentzoneintheGLS-device;whichenablesthebuoyingsludgegranulestimefor
releasingthegasentrapped, sothattheycan settlebacktothesludgebedwithoutbeingdamaged
bymechanicalforces ofthebrusher. Additionallytheincreased apertureareaofthe sievedrum
reducestherisks ofdisruption ofthe granules becausetheliquid velocities inthe apertures are
substantiallylowercomparedtothescreenusedinthereactorinexperiment(atasimilarhydraulic
load). TheEGSB reactor could beoperated withcomplexwastewaterswithout major lossesof
thegranular sludge.
Theresultsobtained revealthatthathydrolysisofproteinsproceedswell,butthiscertainly
isnotthecasewithrespecttotheir conversion intomethane, atleastnotbynon-adapted sludge.
Moreover, itwasfound thatthepresence ofsucrose significantly decreased the deamination of
gelatin, most likelycanbedueto ahighuptakeofmineralizedNbynewlyingrowingacidogenic
organisms,particularly onsucrose.
Thepresenceofalowconcentrationlipidintheinfluent didnotaffect theefficiency ofthe
reactor. Onthe other hand it turned out that substrates like gelatin and sucrose (and possibly)
milk-fats may lead, at least with non-adapted sludge and at conditions of overloading, to the
formation ofasoluble/colloidal COD-fraction whichispoorlybiodegradable. Inthe application
of anaerobic treatment to complex wastewaters ofthe category studied here, it therefore isof
crucial importance to address attention to a sufficient adaptation of the sludge. Additional
research inthisfieldclearlyisneeded.
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THEANAEROBICTREATMENT OFGELATINANDLIPIDS
SUBSTRATESTOGETHERWITHDILUTEDBEERIN
EXPANDEDGRANULAR SLUDGEBEDREACTORS
R.Petruy &G. Lettinga
DepartmentofEnvironmentalTechnology, WageningenAgriculturalUniversity,
"Biotechnion"Bomenweg2, P.O. Box8129, 6700EV, Wageningen, TheNetherlands.
Abstract
Anaerobictreatmentisapotentialattractiveoptionthatcanbeappliedtoclean upwastewatersof
the food industry. Howeverthe application of the upflowanaerobicsludge blanket (UASB)
reactor concept gave some operational problems in previous applications to wastewaters
composedof high concentrations of proteins and lipids. The expandedgranularsludgebed
(EGSB) conceptprovidesanimprovedmixingbetweenwastewaterandbiomassasaresultofthe
appliedincreasedliquidupflowvelocitiesinthesystem. Thisstudyevaluatestheapplicationofthe
EGSB-reactorto complex syntheticwastewatercomposed of carbohydrates(beer),protein
(gelatin)andlipids(milk-fat) emulsion. Upflowvelocitiesof6m/hwereappliedinreactorsseeded
withgranularsludgefrom afull scaleUASB. Beerandgelatinwerefound tobereadilyremoved
athighCODremovalefficiencies(90-95 %) andatahigh COD-conversiontomethane (85 %) at
OLR's upto12 g COD/l.d Gelatin-Nwaswellmineralizedtoammonium nitrogen (86to89%)
andthepresenceoflipidsupto0.260gCOD/lhadnodetrimentaleffectonthereactoroperation,
asidefrom a temporarypartialdecrease inmethaneproduction; butthisrecoveredafter 5 days.
Thedegradationoflipidsdidnotproceedsatisfactoryatconditionsappliedtothesystem andthe
mainremovalmechanism oflipidspresumablywasadsorption orprecipitation. When oneofthe
reactors wasstartedupwithafeed consisting of merely beer, afterappr.16 daysthe granular
sludgestartedto disintegrate heavily. However thedisintegration of thegranulesceasedafter
gelatinwas addedto thefeed Granular sludge wassuccessfully retained in theEGSB reactor,
evenafteroperationfor over100-daysatansuperficialvelocityof6m/h.
Key words:EGSB reactor, lipids, gelatin, carbohydrates, beer, anaerobic treatment, granular
sludge,fat, milk,emulsion.
INTRODUCTION
Due to rapid growing urbanization in developing countries, wastewater discharge inbig cities is
becoming aseriousenvironmental and public health problem. Associated with urbanization, isthe
greatnumberoffood processingindustriesdischargingwasteeffluents withsolubleorganicmatter.
Thesewastewatersfrequently containlargeamountsofcarbohydrates,proteinsandlipids,andgave
a tremendous pollution potential. With increasing environmental awareness, many governments
havesetupstrictenvironmentalstandards,viz.requiringtreatment offood industrialeffluents prior
to their discharge. However, industries in developing countries frequently do not have the
economicresourcesfor costlyaerobicactivated sludgetreatmentsystems.
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Anaerobic treatment presents an attractive low cost treatment alternative. Compared to
conventional aerobic treatment large cost savings with respect to aeration, nutrient supply and
surplus sludge disposal canbe realized. Furthermore, the mainbyproduct of anaerobic treatment,
thebiogas,canbeusedasafuel source,displacingenergyexpendituresoftheindustry.
Based on the favorable perspectives that anaerobic treatment, Lettinga et a/.(1980)
conducted comprehensive investigation which resulted in the development of a new reactor
concept, known as the Upflow Anaerobic Sludge Bed process (UASB). This UASB-concept is
technologicallyaquiteplainsystem;thewastewaterisfedtothemainreactortankfrombelowand
leavesthesystematthetopviaaninternalbaffle systemfor separation ofthegas,sludgeandliquid.
Intheperiod 1972-1974,thefirst6m3pilot-scaleUASBreactorwastested atthesugarbeetfactory
oftheCentrale SuikerMaatschappij (CSM) inBreda (TheNetherlands). Inthe period 1974-1976
pilot-plants of30m andof200m wereout inoperation, followed in 1977withthe construction
ofthefirstfull-scale plantof 1000m Pette etal, 1980).Othersfull-scale plantstreatingrelatively
"easy"wastewaters,i.e.composed ofsolublecarbohydrates suchasthoseofsugarbeetprocessing
effluents wereinstalledinthelateseventiesatothersugarbeetfactories intheNetherlands,andalso
for other agro-industrial wastewaterslikefrompotato processing. Thenumber ofUASBreactors
inoperationuntiltheyearof 1996amountsto914,treatinginthemeantimeverydifferent typesof
wastewaters.
It turned out that the treatment of more complex wastewaters, like those containing
proteinsandlipids,maybeaccompanied with seriousoperational problems. Typicalproblemsthat
manifest areflotationofgranular sludgeandfoaming, which may causewash-out ofgranulesand
clogging ofgaslines(Lettinga &HulshofFPol, 1986;Hulshoff Pol&Lettinga, 1986;Fanget al,
1994;Rinzema, 1988;Andersen&Schimid, 1985;Samsonetal., 1985;Oztiirk etal, 1993).The
precipitation(or sorption) ofproteinandlipids,underconditionsofoverloading,resultedinserious
problems in the release of gas from the sludge bed present in the reactor, which enhanced the
flotation ofgranular sludge(Rinzema, 1988;Shin&Paik, 1990).Asatisfactory biodegradationof
proteinshasbeenfound, viz. proceedingwithhighefficiency, whenusingadapted sludge(Chapter
III,Fangetal, 1994;Sarada&Joseph, 1993;Thaveersietal.,1990;Alphenaar, 1994;Schulzeet
al, 1988, Moosbrugger et al, 1990, Petruy et al, 1997). However according to experimental
resultsBreureetal.(1986), Sarada&Joseph(1993),Morgan etal(l990) andPerleetal.(1995)
the biodegradation of proteins did not occur satisfactorily, i.e. at a low efficiency, when the feed
solution also contains carbohydrate and/or when sludge was poorly adapted to proteins.
Biodegradationoflipidstomethaneproceedsveryslowlyandtheconversion oflipidsintomethane
also can proceed only partially (Petruy & Lettinga, 1997;Rinzema, 1988). Serious inhibition of
methanogenesis has been observed when treating wastewaters containing lipids by Perle et
al.(\995),Koster(1987)andKosterandCramer(1987).
Inexperiments usingUASB reactors of0.12and 6m containing granular sludgetreating
raw domestic wastewater it was found that at low temperatures, below 10 °C, accumulation of
suspended solids occurred due to very low hydrolysis of the entrapped solids (van der Last &
Lettinga, 1992). Resultsobtained in6and 20m reactors, withgranular sludge,evengavelower
efficiencies, whichcouldbeattributed to apoor sludge-wastewater contact and decreasedremoval
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of suspended solids (de Man, 1988). In order to solve these problems, the UASB reactor was
modified to the so called expanded granular sludgebed (EGSB) system. In this reactor concept
highersuperficial velocityareappliedtocausegranularsludgeexpansion,resultinginbettersludgewastewater contact and lessaccumulation offlocculent excess sludgebetweenthe granules ofthe
bed. The applied superficial liquid velocities inthese systems generally exceed 6 m/h in order to
achieve the required good contact. However under these conditions the removal of suspended
solids is poor, so that the system has to be combined with pre- or post-settling. The higher
superficial liquid velocities can be accomplished by designing the reactors with a higher height
/diameterand/orbyapplyingeffluent recycling(vanderLast, 1992).
The objective of the present investigation is to generate better information about the
operation ofEGSB-systems, including alsothetype of granular sludgeto be used, the applicable
upflow velocities,temperatures, organicloadingrates,lipidsconcentration and hydraulic retention
time. Therefore, emphasis was put on the feasibility of the EGSB-reactor for treating more
complex wastewaters such as those containing lipids and proteins. In this respect a better
understandingisneededwithrespecttheremovalmechanismsofthesecomplexingredients.
METHODS
Analysis
The samples analysis for effluent and influent COD (CODEFT, CODPF, CODSOL, and CODIN),
volatilefatty acids(VFA),totalvolatile solids(TSS) andvolatile suspended solids (VSS), Gerber
test(gravimetric)andammoniumconcentrationintheeffluent weremadeaccordingtheprocedures
describedinChapter3.Thegasproductionandflowratesweremeasureddaily.
Preparationofthewastewater
ThewastewaterusedinreactorRl wascomposedofbeer,gelatinandamilk-fat lipidemulsionina
COD ratio of 1.0; 1.0; 0.13 g COD/1, respectively, according to Table 1.As shown intheTable,
0.26and0.52gCOD/1 lipidswereused infinalstagesofthereactor operation.InreactorR2,the
wastewaterusedwascomposedofbeerandgelatininaCODratioof1.0:1.0accordingtoTable1.
The beer used was commercially available low alcohol beer (Brouw Meester 1.5 % vol.
alcohol, Brouwerij B.V., West, The Netherlands) with a COD of 80 g/1. The concentration of
nitrogen-beerwas8mg/1,whichwasconsideredtobenegligibletoeffect ofcalculations.
ThegelatinusedwastechnicalgradeobtainedfromBoomB.V.,Meppel,TheNetherlands.
Itcontained 1.15 gCOD/gofgelatin. Theamountofgelatin-nitrogen (gelatin-N)was0.157 gN/g
gelatin(0.137ggelatin-N/gCOD).
The lipid emulsionwas prepared according to the procedure described inChapter 2with
puremilk-fat (99.8%)whichwaskindlyprovided bytheDept. ofFood Technology (Wageningen
AgriculturalUniversity,Wageningen,TheNetherlands).Themilk-fat lipidcontained 2.61gCOD/g
oflipid.
Sodiumbicarbonate, commercial gradewasaddedtotheinfluent inRl andR2asa buffer
atarateof 1 gofbicarbonatefor eachginfluent CODapplied.Nutrients(Bronsetal.,1985)were
notaddedneitherRl norR2.
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Thesubstratewasprepared incontainersof 101bydilutingbeer,gelatinandlipidemulsion
with hot (60-70 CC) tap water and was homogenized before entrance into the reactor. The
container wasequipped withbagcontainingnitrogen to maintain anaerobic conditions to prevent
fast utilization atthesubstratesaerobically. Theflowofsubstratewasmeasured bymonitoringthe
weightofthesecontainers(Figure1).

Table 1. SchemeoffeedingofreactorR-l andR-2
R-l
Scheme of feeding
Period (number) Period (days)
l sl
0-6
2nd
6-18
3 rd
18-31
4th
31-75
5th
75-103
R-2
Schemeof feeding
Period (number) Period (days)
1st
0-16
2nd
16-41
3 rd
42-45
4th
45-84

Composition
B
B+G
B+G+Ll
B+G+L2
B+G+L3

Infl. cone.
g COD/1
1*
1+1 "
1+1+0.13 ***
1+1+0.26
1+1+0.52

OLR 1
g COD/l.d
3.2
6.6
8.6
11.8
16

SLR 2
gCOD/gVSS.d
0.06
0.13
0.16
0.4
0.32

Composition
B
B+G
B
B+G

Infl. cone.
g COD/1
1*
1+1 "
1
1+1

OLR1
g COD/l.d
4.4
7.8
3.9
12

SLR 2
g COD/gVSS/1
0.1
0.16
0.08
0.22

B - beer
G -gelatin
L -lipids(milk fat emulsion)
lgof lipid=2.61gCOD
"= gCODofbeer
"= gCODofgelatin
'"= gCODof lipids
OLR1 =organicloadingrate (periodaverage)
SLR2=sludgeloadingrate (period average)

Biomass
Theanaerobicgranularsludgeusedinthisexperimentwasobtainedfrom afull-scale UASBreactor
treating recycled paper manufacturing wastewater (Industriewater, Eerbeek, The Netherlands)
which had a sedimentation velocity of 84m/h. The sludgewas elutriated to removethefinesand
than stored one month at ambient temperature before it was used. The maximum specific
methanogenicactivities ofthe Eerbeek sludge at 40 °C (simulating the temperature conditionsin
the continuous reactor) using either 4 g COD/1of a VFA-mixture or acetate as substrates, were
0.495and0.627gCOD/gVSS.d;respectively.
Theassessmentsofthemaximumspecificactivitiesofthesludgewereperformed according
totheprocedurespresentedinChapter2.
Approximately 450 g wet sludge was supplied to each reactor Rl and R2, at start up,
whichcorrespondstoasludgeconcentrationinthereactorof49.5gVSS/1.
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EGSBReactors
The continuous experiments were performed using two 1.6 liter EGSB reactors (Rl and R2)
placedinatemperaturecontrolledboxat40°C.
The reactors (see Fig. 1) were constructed of polyvinyl chloride and were 5.8 cm in
diameterand61cmtall,withatotalvolumeof 1.61 andaworkingliquidvolumeof 1.43 1. Forthe
gas-liquid-solid separator(GLSS)device,asimpleplatewasplacedinfrontoftheeffluent linewith

V) D

goo
°oo

°oc£

n°°

oQa
o°o
°o°°
°o°o°
o„oo

°sS

Oc

£o

CQSn
oxg

G

m
-©-

Fig. 1. Schematic diagram ofreactors Rl andR2usedinthis study.
(A)EGSB reactor. (B)Influent. (C)Effluent. (D)Wettestgas meter. (E) Sodalime
pellets. (F)Granular sludge. (G)Recirculation of effluent.
the objective ofdeflecting thegas and creating a settlingzone for the granular sludge.
Thegas produced escaped from the top of reactor and passed through of a cylinder packed
with pellets of soda limewiththe objective ofremoving CChfromCH4inthebiogas.
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Therequired effluent recyclingwasachieved usingaperistaltic pump (Heidolph,Kelheim,
Germany) placed in the effluent line. For the influent supply, another peristaltic pump (101 U,
Watson-Marlow,Wilmington,Massachusetts,USA)wasused.
Abed ofglassballsatthebottom ofreactor wasused to improvethe flow distribution of
theincominginfluent inordertodiminishchanneling.
The two reactors were operated, one with a feed containing beer and gelatin plus lipids
(Rl)andtheanotherone(R2)withafeed merelycontainingbeerandgelatinforcomparison.
Calculations
Theperformance ofreactors Rl andR2wasevaluated usingtheparameters discussed inChapter
3.

RESULTS
Reactor1
Inthisexperiment, thetwo laboratory-scale EGSB reactorswereoperated with a mixtureofbeer
andgelatin asmain substrate. Thefirstexperiment conducted inreactor Rl wasintended to study
theeffect ofaddinglipidsontheperformance ofthesystem. The second experiment inreactorR2
wasconductedwithonlybeerandgelatinassubstrateasareference experiment.
TheresultsofexperimentRl areshowninFig.2.Duringthefirstperiod (days0-6),when
the reactor was fed with only beer as a substrate, the COD removal efficiency amounted to
approximately 90 % (Fig. 2A). The effluent VFA concentration only accounted for 1.1 % of
CODIN (Fig. 2A). The conversion of COD into methane amounted to approximately 86 % (Fig.
2A). Inthe second period (days 6-18), when the reactor feed consisted of a mixture of beerand
gelatin,theCODremovalefficiency stillremainedatavalueupto90%,anaccordinglythe effluent
VFA-concentration remainedlow,viz.at 1 %oftheCOD.However,theconversionofthe CODIN
intomethanedecreased significantly, viz.tovaluesofapproximately65%.TheOLRappliedinthis
periodwasapproximately7gCOD/1.d, whichcorrespondedtoasludgeloadingrate(SLR)of0.13
gCOD/gVSS.d (Fig2BandTable 1). Inthethirdperiod (days 18-31)inadditionalsolipidswere
addedtothebeer andgelatinfeed mixture,i.e.at aconcentration ofapproximately 0.05g/1 (0.130
g COD/1). The operation of the reactor was not affected by the lipids addition, viz. the COD
removalefficiency remainedatapproximately90%andalsotheeffluent VFAremainedlow(1.8%
of the CODIN). Moreover, during this period the conversion of the COD to methane slightly
recovered andincreased to 80%. Theimposed OLRwas 9g COD/1.d, corresponding to SLRof
0.16gCOD/gVSS.
Inthefourth period (days31-75),thelipidsconcentration inthefeed wasdoubledto 0.100
mg/1 (0.260 g COD/1).The performance ofthe reactor continued to be good with CODremoval
efficiencies ofapproximately90%(Fig.2A).Theconversion ofCODintomethaneaveraged 70 %
(Fig 2A). The effluent VFAwas still low (1.2 % of CODIN). Therefore the OLR imposed to the
reactorthenwasincreasedtoapproximately 12gCOD/l.d(SLRto0.4gCOD/gVSS.d).
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ADDED ADDED ADDED ADDED
3+G

ADDED

B+G+Ll B+G+L2

+G+L3
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FEEDING

B

a
o
u

c

TIME (days)
B=beer
G=gelatin
Ll= lipidsconcentration0.13 g COD/1
L2=lipidsconcentration0.26 g COD/1
L3=lipidsconcentration0.52gCOD/1
1goflipidemulsion- 2.61g COD

Fig.2. Resultsofperformance ofreactor R1.
PainelA: o CODremovalbasedonCODPF ,0 VFA, • conversiontomethane.
PainelB: • OLRapplied.
PainelC:
0.85XOLRduetobeerandgelatin,
methanemeasured.
Inthe fifth period (days 75-103)the lipid concentration was elevated once again, viz. up to
0.200 g/1 (0.520 g COD/1), and even then the reactor treatment efficiency remained at a value
around 90 %. However, the conversion of COD to methane was affected, although temporary, it
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decreased to40%for afew daysandthen recovered to avalue of70% at day 80(Fig2A).The
effluent VFA remained low, despite the decrease in methane production. The imposed OLR
amounted to upto approximately 16g COD/1,dbythe end ofthe period (Fig. 2B) and the SLR
thenamountedto0.32gCOD/gVSS.d.
Inordertoevaluateifanymethaneproductioncouldbeattributedtothepresenceoflipids,
thecurveof85% oftheOLRduetobeerand gelatin (15% accounted for cellyield)isplottedin
panel CofFigure2.Forcomparison,thespecific volumetric production ofmethane(inCOD)per
liter of reactor is plotted. This comparison reveals that the volumetric production of methane
coincides with that expected from the beer and gelatin OLR. This suggest that any significant
additional methane production as a result of the presence of lipids in the feed is unlikely, even
thoughduringthefifth period,lipidsaccountedforapproximately20%oftheinfluentCOD.
Inreactor Rl, the mineralization ofgelatin-N was followed by measuring the ammonium
concentrationintheeffluent (Fig.3).Theresultsobtained indicatethat ontheaverage89%ofthe
influent gelatin-N became deaminated (122 mg NHt-N/1 measured in the effluent). Therefore
apparentlythelipidsadded,didnotexertanydrasticinhibitiononthedegradationofproteinsunder
ADDED
LIPIDS0.13gCOD/1
ADDED
LIPIDS0.26gCOD/1

ADDED
LIPIDS0.52 gCOD/1

140
120 +
100

I§

Eg?
Ba

TIME(days)
Fig. 3.ConcentrationofeffluentNHt-NinRl.
theconditionsapplied.
The CODCOLL in the effluent in Rl averaged 90 mg/1, in the first and second period.
However in later periods the CODCOLL increased to 119 mg/1due to the increase of the lipid
concentration intheinfluent. Thenon-acidified CODoftheeffluent remained lowwithanaverage
valueof45 mg/1.
The performance of the EGSB system asfar asthe results of reactor Rl concerned, is
rather satisfactory despite the complex character of the feed. The granular seed sludge used
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could accommodate a superficial velocity of 6 m/h quite well: any significant disintegration did
not occur, while the wash-out of sludge was relatively low (despite the simple design of the
GLS-device). The amount of sludge present after termination of the operation of the reactor at
day 103 amounted to 46.2 g VSS/1compared to 49.5 g VSS/1 at the start of the experiment.
The amount of sludge lost is not really dramatic.
Reactor 2
The intention was to operate R2 similarly to that of reactor Rl, except that no lipids would be
supplied to the feed. However, we were unable to accomplish this objective, due to some specific
phenomena that manifested in the beginning of the experiment. Since these phenomena were
considered of big practical interest, we continued the experiment and did not attempt to begin the
experiment once again as areference for experiment in reactor Rl (same feed, but without lipids!).
Theresults are shown inFigure4.
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B B +G
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FEEDING

60
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0«
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TIME (days)
B=beer
G=gelatin
Fig.4. Resultsofperformance ofreactorR2.
PainelA: o COD removal based on CODPF, 0VFA, • conversion to methane.
PainelB: • OLRapplied.
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During thefirstperiod (days 0-16),when onlybeer was added, the COD removal efficiency
came up to a value of 90 % (Fig. 4A), and accordingly the effluent VFA concentration was low,
viz. only accounting for 4 % of COD (Fig. 4A). The conversion of COD to methane initially was
80-90 %, but later it dropped to a value of only 65 % (Fig. 4A), despite the moderate OLR of
approximately 4 g COD/1,d (Fig. 4B). On day 16,suddenly a significant disintegration ofpart ofthe
granular sludge inthe reactor occurred, resulting inthe formation of a distinct amount of dispersed
sludge floes, which gave a black appearance to the liquid phase of the reactor. Immediately
following this observation, gelatin was supplied to the feed together with beer. In this second
period (days 16-41) the COD removal efficiency remained at 90 % and a slight increase of the
COD conversion to methane occurred, viz up to 70 %. The effluent VFA concentration increased
slightly, i.e. to a value accounting for 5 % ofthe incoming COD. The average OLR applied in this
period was approximately 8 g COD/1.d. Very interestingly, immediately after adding gelatin to the
feed, the disintegration ofgranular sludge ceased
At day 34, the influent tube accidentally broke and due to that the reactor mixed liquor
leaked out of the system, and the granular was exposed to air. Upon resuming reactor operation,
thisprobably accounted for the dramatic decrease inthe COD conversion to methane, viz. down to
50%, although surprisinglythe COD removal efficiency remained at appr. 90 %.
In view ofthe poor performance, the sludge bed was replaced at day 42 with a new batch of seed
sludge (approximately 450 g of wet sludge), which gave reactor sludge concentration of 49.5 g
VSS/1. During the third period with this fresh seed sludge (days 42-45), the feed switched once
again to merely beer at a COD-concentration of 1g COD/1. During period 3, at an imposed OLR
of 4 g COD/l/d (SLR of 0.08 g COD/gVSS.d), the COD removal efficiency amounted to
approximately 85 %, while 80 % of the COD was converted to methane (Figure 4A). The effluent
VFA concentration was low only accounting for 3% ofthe COD.
Gelatin was added once againtogether withbeer inthe fourth period (days 45-84) resulting
in a OLR of 12 g COD/l.d (SLR: 0.22 g COD/gVSS.d) The COD removal efficiency gradually
increased to 95 % and consequently the effluent VFA concentration continued to be low (only 3.1
% ofincoming COD) The conversion to methanewas 85%.
The mineralization of gelatin-N was calculated from the measurements of effluent
ammonium analyses (Fig. 5). The results show that the average effluent N H / - N concentration was
140

60

70

8(

TIME (days)
Fig.5. Concentrationofeffluent NH4-NinreactorR2.
71

90

Chapter 4

120mg/1,indicatingthat 88%ofthegelatin-Nwasmineralized.
Themeasurements ofthe CODCOLLgaveanaveragevalueof 56mg/1,andthatofthenonacidified solubleCOD(NAS)amountedto60mg/1ontheaverage.
The reactor R2 performed quite well with thefreshlyadded seed sludge. The granular
sludgewaswell retained inthe system duringtheperiod day42-84, whenthe imposed superficial
velocityamounted to 6m/h.Atthetermination oftheexperiment theamount of sludgepresentin
thereactorwas46g VSS/1,which meansalossof3.5gcompared to the start oftheexperiment
with the new seed. This loss of sludge is moderate, taking into account that the granular seed
sludgealwayscontainsacertainamountoffines,whicheasilyrinseoutfromthesystem.

DISCUSSION
The objective of the investigations was to assess the feasibility of an EGSB reactor for treating
complexwastewatercontainingcomponentslikelipids,andproteins.Anadditional objective ofthis
researchwastoverifythelongtermbehaviorofgranularsludge(settlingvelocityofgrains:84m/h)
at an imposed superficial velocities of6 m/h, and at operational temperatures up to 40 °C and 6
hoursofhydraulicretentiontime.
The results of the experiments demonstrate that a component like gelatin is quite well
mineralized when present in a feed together with beer. In experiments conducted by Breure et
a/.(1986) using cultures adapted to gelatin it was found that after addition of glucose to a feed
consisting of gelatin as substrate, the gelatin still was well hydrolyzed but not or very poorly
fermented. AccordingtoFoxandPohland(1994)andHanakietal(1981)thedetrimental effect of
glucose might be due to the high concentration of hydrogen resulting from the degradation of
glucose; the fermentation of amino acids formed in the hydrolysis of gelatin would become
inhibited. The results of our present investigations show an excellent conversion of gelatin to
methane and ammonium;this alsowasthe casewhen the feed to the anaerobic reactor contained
beer.
Lipidswere found to contribute not significantly to the gas production inexperiment Rl,
indicatingthattheirdegradationwaspoor.Probablythemainremoval mechanismoflipidsresulted
from adsorption asfound earlierby Sayedetal.(1987), Rinzema (1988) and Petruy and Lettinga
(1997).Theobservedincreasesineffluent colloidalCODconcentrationprobablymainlycanbedue
to wash-out of dispersed lipidsfromthe reactor; it responded to increased concentrations ofthe
lipid in the influent. A relatively low lipid influent concentration of 0.05 g/1did not affect the
methanogenesis,butat concentrations ashighas0.200g/1 atleasttemporarily aslight inhibitionof
methanogenesismanifested; howeverthesystemrecoveredafter approximately 5 days.
AerobictreatmentwithEGSB-systemsfor wastewaters containingrelativelylowconcentrationsof
lipids(between0.05-0.100g/1)lookspossible,althoughtheuseofaproper GLS-devicetoprevent
the loss of floating granular sludge looks necessary. Sludge flotation is highly enhanced by
adsorption oflipidsin/ongranules (Rinzema, 1988), and therefore the system should beequipped
withadevicethateffectively retainsbuoyinggranules.
The results obtained with reactor 1 clearly illustrate the promising potentials of EGSB

72

Gelatin, Lipids and Beer in EGSB reactors

systems for complexwastewaters. Asatisfactory retention ofgranular sludgewas obtained inthe
reactor at an superficial velocity of6m/hand at hydraulicretention time of6hoursat anOLRof
approximately 15 gCOD/l.d.ThisdespitethequitesimpledesignoftheGLS-deviceinthisreactor.
The results onthe other hand also reveal that the degradation of lipids does not proceed
satisfactorily inanEGSB-system, despitethe fact that part ofthese ingredients are removed asa
resultofasorption/orprecipitationmechanisms.Futurestudiesshouldbecarried outtoassessthe
properdesigncriteriafor scaledupEGSB-systems.
Theresults obtained during period 1inreactor 2using merely beer as substrate revealed
twointerestingphenomena,whichforthepracticalapplicationforUASB/EGSBsystemsareofbig
importance,i.e.
-theoccurrenceofa suddendisintegration ofthegranular sludgeafter ithasbeenfedwithdiluted
beerfor aperiod of 16days.It resulted inahigh concentration offinelydispersed particles inthe
reactorliquid,andconsequentlyinthe effluent,
-theimmediatecessationofthesludgedisintegrationoncegelatinwassuppliedtothefeed.
Thereason (s) and/or mechanismsunderlyingthesephenomena arecompletely obscureso
far. Presumably the sludge disintegration can be related with the rather poor performance ofthe
system,particularlytheprocessofmethanogenesis.DespitetherelativelylowOLRimposedduring
thefirstperiod, the systemapparentlywasinsufficiently capable, at least beyond day 5,to convert
theremoved CODintomethane.Possibly someessentialingredient might havebeenlackinginthe
feed. The disintegration ofthe granules in someway or an other is related with a breakdown of
links/bridges, presumably consisting of polymers, responsible for sludge matrix structure. Very
interesting is the observation that the 'falling apart' process ceased immediately following the
additionofgelatintothefeed. Resultsofexperimentswithsolutionsofproteins,carbohydratesand
lipidspresented inChapter 3 also revealed the occurrence of atransformation of 'colloidalCOD'
into 'non-acidified COD' (NAS). Although the original ingredients in the feed are quite well
biodegradable, the compounds present in these 'colloidal-COD' and 'non-acidified COD' fraction
produced inthe system were very poorly biodegradable. Possibly there isa "link" between these
phenomena of 'colloidal-COD' and 'non-acidified COD' formation/transformation and that of the
sludgedisintegrationofthepresentexperiments.Butatyetitisstillunclear.

CONCLUSIONS
The EGSB system offers attractive potentials for application to more complex wastewaters,
although for lipid containing wastewaters the reactor should be equipped with a improved gasliquid-solid separator device in order to retain buoying granular sludge. Due to the inevitable
adsorption of lipids on the granules and the fact that lipids are only degraded very slowly, i.e.
particularlysorbed/precipitatedlipids(orhigherfatty acids)sludgeflotationisdifficult toavoid.
Highvaluesofproteinmineralizationwereobtained, alsointhepresence ofacarbohydrate
containingsubstratessuchasbeer.
Lipids temporally negatively affected the process of methanogenesis once their
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concentration was elevated upto 0.200 g/1; however the system was capable to recover withina
fewdays,andtherefore itcanbeconcluded that wastewaterswith lipidconcentrationsintherange
of0.05-0.100g/1 canbewell accommodated inanEGSB system, at least at moderate OLR;any
lasting detrimental effect on the process of methanogenesis did not manifest, even although
apparentlythedegradation ofthelipidsdidnot proceed quitesatisfactorily. Evidencewasobtained
thatlipidsareremovedfromliquidbyanadsorption mechanism,but sofar insufficient information
isavailableabouttheratelimitingfactors oftheirdegradation.
For some -yet unknown - reason(s) a sudden and quite heavy disintegration of granular
sludgemayina-relativelypoorlyperforming -systemfed withdilutedbeer. Thisdisintegrationof
thegranulesceaseswhengelatin issuppliedto thefeed. Regarding thebigimportance ofgranular
sludge stabilityfor practice- particularly for EGSB-systems - infuture research should becarried
outtoelucidatethereasonsforgranularsludgedeterioration.
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THE APPLICATION OFPROTEIN AND CARBOHYDRATE
INEXPANDED GRANULAR SLUDGE BED REACTORS
R. Petruy&G. Lettinga
Department, ofEnvironmentalTechnology, WageningenAgricultural University,
"Biotechnion",Bomenweg2,P.O.Box8129,6700EV,Wageningen, TheNetherlands.
Abstract
Anaerobic treatment offersexcellentpotentialsfor thetreatment of agro-industrial wastewater's
which areproduced in huge amountsand - regardingtheir composition and strength- in
enormous varieties. Proteins andcarbohydrates,frequentlyconstitute a considerablefractionin
these wastewaters. Thispaperpresentsthe resultsofafeasibilitystudy evaluatingthe application
ofthe anaerobicExpandedGranularSludgeBed (EGSB) reactor conceptfor the degradation of
mixtures consisting ofgelatin(protein) andsucrose (carbohydrate). Usingan undatedgranular
sludgeand conducting the experiment in absenceof nutrients, gelatin when present asmere
substrate, willbedeaminatedfor 70-90 %atspace loadsupto 7gCOD/l.d. Howeverunder these
conditionsitsacidificationandconsequentlyconversiontomethane wasfound toproceedpoorly,
i.e.onlyfor 65 %evenalthough COD-removal efficiencies rangedup to85-90%..Addition of
sucrose tothegelatinresultedinaslightimprovementofthe anamination, butatthesame time in
a decrease of thefermentation ofgelatin. Latterphenomenon verylikelycanbeattributed toa
lack in phosphate.However, after startingsupplyingnutrientstogetherwith the gelatinand
sucrose tothefeed storage vessel, pre-acidification of substratesproceededalready wellin the
storage vessel, which resulted inan improved conversion of gelatin. When hampering the preacidification inthe storage vessel bysupplyinggelatin andsucrose separately, theconversion of
gelatinonceagaindroppedsharply. Apparently the presence of sucrose seriously represses the
conversionofgelatin. Curiouslyenough theCODremovalefficiencyremainedupto90% under
these conditions; thisindicatesthatthe mechanism ofproteinremovaloriginatesfrom a sorption
orprecipitationprocess. Although the COD-removalefficiencyremainedhigh,the sorptionofthe
substrate ingredients-orpossiblepolymericproductsformedfrom thegelatin andsucrose - lead
toadeteriorationofgranularsludge characteristics. Particularly the release ofgasbubblesfrom
thesludgeaggregates became seriouslyhampered, which ledtoproblemsduetosludgeflotation.
Thepre-acidification in thestorage vessel couldberestored byaddingthesubstrates (gelatin,
sucrose) andnutrients simultaneously to thevessel; aftertherecovery of the pre-acidification,
alsotheconversionofgelatinresumed.
TheEGSBreactorwasfound torepresentanattractive concept,particularly the sieve-drum GLSdevice lookspromising.
Key words:EGSB, gelatin, carbohydrate, sucrose, protein, deamination, sieve-drum, granular
sludge,anaerobic.
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INTRODUCTION
In various types of wastewaters from agricultural industries such as those of food processing
industries, like dairy industry, slaughterhouse, gelatin and meat packing industries, proteins
constitute an important fraction of the pollution load. The protein in the wastewater of these
industries can be degraded to volatile fatty acids and subsequently to methane in anaerobic
wastewater treatment systems. From the literature it isknown, that many anaerobicbacteriahave
the ability to hydrolyze proteins (Buchanan & Gibson, 1975). The presence of proteases in
anaerobic sludge was confirmed by Siebert and Toerien (1969) and van Assche (1982). During
anaerobicdigestion,bacteriadegradeproteinfirst toaminoacidswhicharesubsequentlydegraded
to volatile fatty acids via Stickland reactions (Nisman, 1954), where oxidative and reductive
deaminationthenresultsintheconversionofaminoacidstovolatilefattyacids.
Other componentsfrequentlypresent in agro-industrial wastewaters are carbohydrates,
whichgenerallyarequiterapidlyfermented intheanaerobicdigestionprocesstovolatilefattyacids.
AccordingtoGlenn(1976),Pansareetal. (1985),WiersmaandHander(1978)andWhooleyetal.
(1983)thepresenceofglucoseandothereasilyfermentable compoundscanrepressthesynthesisof
protease's,enzymesresponsibleforthehydrolysisofproteins,inpurecultures.
InstudiesofBreureetal. (1986a),apoordegradationofgelatinwasobserved,usinginthe
experimentsamixedanaerobicculturepreviouslyadaptedtoglucose.Ontheotherhandtheyfound
that amixedculture,when adaptedto gelatin,waswellcapableto hydrolyze protein. However,in
presenceofasecond substrate,suchasforinstanceglucose,thehydrolysisofgelatinoccurred,but
the fermentation of the amino acids produced did not proceed smoothly. In an other study of
Breureetal.(19866), theprotease activity ofamixedculture adapted to gelatin wasfound tobe
severely inhibited by increasing concentrations of carbohydrates inthe feed, such asglucoseand
lactose
Incontinuosanaerobicchemostat experiments,Breureetal.(1984),observedthat78%of
the gelatin was hydrolyzed and that 79 % of the hydrolyzed protein was fermented. In an
experiment carried in a lab-scale up-flow reactor, Breure et al. (1985) found that, 84 % of the
gelatin was hydrolyzed at hydraulic retention time (HRT) as low as 30 minutes and 85 % ofthe
hydrolyzedproductwasfermented.
Sinceproteinsfed to UASBtreatment systemmaycausegranular sludgeflotation,which
may result in a poor sludge retention, it is important to improve the understanding of the
degradation ofthesecompounds (Lettinga&Hulshoff Pol, 1986;HulshoffPol &Lettinga, 1986;
Fangetal, 1994).
Inthe present experiments, weused alab-scaleexpanded granular sludge (EGSB) reactor
to studythedegradation ofgelatin,asamodelfor proteinsandalsoto assesstheeffect of sucrose
(asamodelfor carbohydrates) onitsdegradation. Asecond objective wasto test thefeasibility of
the EGSB concept to protein containing wastewaters. The EGSB reactor uses upflow velocities
exceeding appr. 6 m/h, which can be accomplished for instance by applying effluent recycling.
Thesehighsuperficial velocitiesareappliedinordertoobtain expansionofgranular sludgebed,ad
herewith the required good contact between sludgeandwastewater (vanderLast etal.,1992;de
Mane/al, 1988).
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METHODS
Analyses
Influent andeffluent samplesfor chemicaloxygendemand(COD),VFA,ammonium concentration
andanalysisinsludgefortotalsuspended solids (TSS),volatilesuspendedsolids(VSS)weremade
accordingtomethodsdescribedinChapter3.
TheEGSBReactor
Thereactor(Fig. 1)usedintheexperimentsconsistedofadoublewallglasscolumn 173cmheight,
5.16 cm internal diameter and a total working volume of 4.44 1.In the top the reactor, a sieve
drum,gas-liquid-solid separator (GLSS)was installed. It was constructed from a screencylinder
(7cmheightx6cmofdiameter)withapertureareaof40mm with holesof2.0mmindiameter.
Thepurposeofthesievedrumwasto retainthebuoyinggranular sludgeinthereactorandtestits
practical application. Theflowinthe sievedrum is 12.7m/m h. The effluent leaves the reactor
after passingthe screenviathetop ofthereactor. Thebiogaswascollected at top ofthereactor
and from an external settler. The amount of CH4produced was measured using a wet test gas
meter, after the CO2was removed using a scrubber filled with 3%NaOH and dried inacolumn
filledwithpelletsofsodalime.
Theeffluent wasrecycledbyaHeidolphperistalticpump(Kelheim,Germany).Thereactor
system was continuously fed from the bottom with stock solutions of influent substrate via a
peristaltic pump model 503UWatson-Marlow pumpWilmington, Massachusetts, USA. (Fig. 1).
Glassbeads (approximately 1 cmofdiameter)and stones(1-2cmofdiameter)wereused asflow
distributorinthebottomofreactor.
The operational temperature maintained during the experiments was 40°C, which was
accomplishedbyrecyclinghotwaterviaathermostatthroughthejacket.
Preparationofthewastewater
The synthetic wastewater used inthe experiment was composed of gelatin and sucrose in COD
ratioaccordingtothefigurespresentedinTable 1.Thegelatinwasoftechnicalgradeandobtained
from BoomB.V., Meppel, TheNetherlands. Itcontained 1.15gCOD/gofgelatin. TheN-content
of gelatin (gelatin-N) amounted to 0.157 gN/g gelatin (0.137 g N/g COD). The sucrose wasa
productofSuikerUnie,Breda,TheNetherlands.
Sodiumbicarbonate, acommercialgradequality,wasaddedtotheinfluent asabuffer ata
concentration of 1 gofbicarbonatefor eachginfluent CODapplied.Nutrients, asabasalmedium
(Brons etal, 1985) (except NH4CI),were added as a freshly prepared stock solution, viz. inan
amountof 1 mlperliterofwastewater.
Thesubstrate solution present inacontainer of 1001 wasprepared bydilutinggelatinand
sucrosestocksolutionswithhottapwater.Themixturewashomogenizedbefore supplyingitto
thereactor.Everyfour daysafreshsubstratesolutionwasprepared.
Duringspecificperiodsoftheexperimentgelatinandsucrosewereaddedseparatelytothe
reactor using two containers of 10 1 in that case, one containing the solution of gelatin with
nutrientsandtheothersucrose+sodiumbicarbonate.Bothcontainerswerelockedwithbags
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Fig. 1. Schematic presentation ofexperimental reactor.
(A) reactor. (B)sieve-drum. (C)effluent. (D)biogasmeasurement (wetgasmeter).
(E) recirculation. (F)influent vessel. (G)heater. (H)gelatin and sucrose added separately.
containing nitrogen, to prevent growth that air comes inthe containers, consequently the growth of
aerobic bacteria on the substrates The substrates were prepared daily. Therefore, during these
specific periods the gelatin and sucrose were only mixed up inside the reactor: therefore the extent
ofpre-acidification ofthe substrates wasvery low.
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Duringspecificotherperiods,thefeed ingredientgelatin, sucroseandnutrientsweremixed
up in the same feed container. As a result in this case, the substrates already became (at least
partially) pre-acidified inthis storage vessel prior, and consequently then a pre-acidified feed was
introducedinthereactor.
Table 1. Schemeoffeedingof experiment
Scheme of feeding
Composition.
Period number Period (days)
1"
0-36
G
2nd
36-77
G+S
3rd
77-84
G+S
4th
84-92
G+S
G=gelatin
S= sucrose
*=gCODofgelatin
**=gCODof sucrose
OLR=organic loadingrate (period average)

Influent Cone.
(gCOD/1)
0.5 -1.75
1.75 *+(0.5-1.75)"
1.75+1.75
1.75+ 1.75

OLR
(gCOD/l.d)
1.9-7.4
4.8-15.5
13.8
14.8

Biomass
Theanaerobicgranularsludgeusedinthisexperimentwasobtainedfromafull-scale UASBreactor
treating paper manufacturing water, Industriewater, Eerbeek (TheNetherlands). This seed sludge
consequently was not adapted to proteins. Before puttingthe sludge intothe reactor, it had been
elutriated to remove the fines and stored at ambient temperature until it used. The maximum
specific methanogenic activity (assessed according the method described in Chapter 3) of the
Eerbeeksludgeat40°C(simulatingthetemperatureconditionsinthecontinuousreactor)using4g
COD/1 ofaVFA-mixture assubstrate, amounted to 0.5 g COD/g VSS.d, consequently relatively
verylowforagranularsludgeatthistemperature.
Approximately 1140g wet sludge was supplied to the reactor, which corresponds to an
initialsludgeconcentrationof40.5gVSS/1inthereactor.
Calculations
ThecalculationsaremadeaccordingtoproceduresexplainedinChapter3.

RESULTS
Inorderto assesstheeffect ofthepresence/absenceofnutrientsontheperformance oftheEGSB
reactor treating a relatively complex, mainly soluble substrate, inthe first experiments gelatinwas
used asthesole substrate andwithout anynutrients. Inthenext period, sucrosewasadded to the
gelatinfeed, first likewiseintheabsenceofanynutrientsbut laterinpresence ofnutrients. Supply
of nutrients directly to the influent storage container resulted in a distinct pre-acidification ofthe
substratesinthefeed storagevessel.Consequentlyduringthisperiod infact weweredealingwitha
twostep(phaseseparation!)reactorsystem.
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Wealsoinvestigatedthesupplyofnutrientsandthegelatinand sucroseviaseparatelines,withthe
objectivetoavoidpre-acidification ofthesubstrate.
Theresultsaredepicted inFig.2.Duringthefirstperiod (days0-36, merelygelatinandno
nutrient supplied) the COD removal efficiency amounted to 85 % and the deamination
(mineralization) ofgelatinto approximately 90% when fed at an influent concentration of0.5g
COD/1.However,thedeamination droppedto approximately 70%,whentheconcentration ofthe
feed was increased to 1g COD/1 (and the OLR doubledfrom2 to 4 g COD/l.d). The extent of
acidificationofthegelatinamountedonlyto50%atOLR=2gCOD/l.d,butitincreasedupto75
% atOLR=4gCOD/l.d.Theconversion ofgelatin-CODinto methane-CODamounted to 50%
at OLR = 2 g COD/l.d and it improved to approximately 65 % at OLR = 4 g COD/l.d, but it
slightlydecreaseafter elevatingtheOLRto8gCOD/l.dduringthisperiod.
Duringthesecondperiod(days36-77),wheninadditiontogelatin alsosucrosewasadded
tothefeed. Inthebeginningthefeed concentration amounted to 0.5 gCOD/1 (day36)and atday
38itwasincreased to 1.75 g COD/1.Theresultsindicatethatthedeamination ofgelatintended to
improve,viz.from 70to 80%.However, ontheother hand a significant drop inthe acidification
occurred, i.e.from70%to 40 %, whilealsothe conversion into methane and the CODremoval
efficiency dropped sharply, viz.bothto round 20%. When starting at day44 the direct supplyof
nutrientstotheinfluent storagevessel,aclear pre-acidification ofthe substratewasobtainedhere,
asevidencedbytheincreased concentrationsofVFAandammoniumintheinfluent solutionfed to
thereactor (datanot shown). Theacidification improvedfrom40to 70%, resultinginadecrease
ofthepHinthereactorfrom7.8to6.3onday47.AstheVFAconcentrationofthesolutioninthe
reactor was high, starting from day 49 extra sodium bicarbonate was added to the influent
container,i.e.increasedfrom42to 162meq/1.Themeasured VFA-concentrationsinsidethereactor
at day 50 amounted to 2.2 g COD/1, and both the COD removal efficiency and methanogenesis
declined to 10%. However, after increasing the addition of sodium bicarbonate andloweringthe
OLRfrom 14to 4g COD/l.d, at day 52,the effluent VFAvalues decreased, and both CODthe
removal efficiency and the methanogenesis improved significantly. And this situation remained
unchanged after increasing the OLR again increased at day60up to 14g COD/l.d. From day60
until day 77, the degradation of the substrate proceeded well. This satisfactory performance
apparently canbe attributed to the pre-acidification occurring in the storage vessel;both sucrose
and gelatin were acidified, at least partially, before introduced in the reactor. The COD removal
efficiency amounted up to approximately 90%,the deamination ofgelatin and the acidification of
bothsubstrateswereapproximately 80%andalsotheconversiontomethaneamountedto80%.
During the third period (77-84) the influent substrate components remained separated by
using two feed containers, one containing gelatin plus nutrients and the other sucrose plus
bicarbonate (freshly prepared every day). Inthisway pre-acidification of the substrates isgreatly
prevented. The response of the reactor was immediate and quite dramatic. So, the gelatin
deamination dropped to only approximately 40 %, and the acidification from 80 to 40 %, and
consequentlyalsotheconversiontomethane,viz.toonly40%.AlsothepHdropped,althoughthe
solutionremainedneutral.However, surprisinglytheCODremovalefficiency remainedhighwitha
valueupto90%.Apparentlyanadsorptionorprecipitationofunmethabolizedgelatinprevailedin
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thesystemduringthisperiod. Moreover, alsoadramaticdeteriorationofthesludgecharacteristics
manifested. Weobservedthatthegranularsludgestronglytendedtofloatduringthisperiod,mainly
dueto the fact that gas produced gas inthe granules could not escape sufficiently rapid. Onthe
other hand, we also observed that the installed GLS-device was quite efficient in retaining the
buoyinggranuleswithinthereactor.
Duringthefourth period(days84-92),gelatinandsucroseagainwerepreparedinthesame
influent storage vessel and the system then recovered completely, clearly demonstrating the
importance of applying (a certain) pre-acidification inthe influent vessel. The reactor functioned
with the same performance as before, indicating that the system had not been seriously
detrimentally affected.
Asmentioned above,thereactor systemused intheexperiment performed satisfactorily in
terms of granular sludge retention as a result of the installed sieve drum GLSS. At the end of
experiment,thesystemcontained 36.4gVSS/1 incomparisontothestartingconcentration of40.5
g VSS/1.Thestructure ofthegranules andtheir settleability were stillverygood andthegranules
didnotshowanyslimyappearance.

DISCUSSION
The results obtained provide useful information about the treatment of complex soluble types of
wastewaters, viz. composed ofgelatin and sugars and inabsence and presence of nutrients.Also
the importance of a certain extent of pre-acidification was demonstrated. When supplied as sole
substrate, gelatinwasreasonably well deaminisedby"thenon-adapted" granular sludge presentin
thereactor,viz.for 90%ataninfluent concentrationof0.5g/1and70%atinfluent COD 1.75g/1.
The COD removal efficiency with values between 85-90 % also was reasonable, but clearly the
conversion intoVFAandconsequently intomethanedidnot proceed very satisfactory, viz.itonly
amounted to 65% anditdidnotimproverapidly, atleast notwhen a sufficient amountPO4' was
notpresent. Within4weeksthedeamination, AandMonlyimproved slightly. Apparentlypartof
the gelatin COD is removed by an adsorption or precipitation mechanism. The relatively poor
degradation very likely can be attributed to a lack of nutrients, presumably of phosphate, and
possibly oftrace elements. When sucrose was added as a co-substrate, the hydrolysis of gelatin
slightlyimproved, but it isquestionablewhetherthiswasalsothe case for its acidification and for
themethaneproduction. Theperformance ofthesystemintermsoftreatment efficiency (E),Aand
M deteriorated, which very likely can be attributed to a deficiency in one or more nutrients,
presumably PO4'. The addition of nutrients to the influent storage vessel stimulated preacidification ofthesubstratesinthefeed, butwhether thiswasfollowed with aclearimprovement
inthefermentation oftheproteinishighlyquestionable,becauseEandMalldropped significantly.
Onlyafter the OLRwasdecreased to 4g COD/1.d a high COD removal efficiency wasachieved
mainlybecauseboththeprocessofacidogenesisandmethanogenesisimproved After therecovery,
thesystemcould accommodateanOLRupto 14gCOD/1.d,i.e. imposed to the system following
day58.However,wheninterruptingthepre-acidification processinthestoragevesselbysupplying
thetwo substrates and the nutrients separately to thisvessel (at day 77),the process deteriorated
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once again, as appearsfromthe drop in the deamination of the proteins and of conversion into
methane. Apparently the presence of sucrose in the reactor liquid represses the microorganisms
fromproducing proteolytic enzymes. Hydrolysis of the protein and its fermentation to methane
restored upon resuming the preacidification of the combined and nutrients in the influent storage
vessel. But the results also reveal that the removal efficiency remained well, despite the poor
deamination, performance of the acidogenesis and methanogenesis. This can be attributed to
sorption or precipitation of either soluble substrate ingredients or of polymeric products formed
fromit.
Previously Breure et al. (1986a) observed that feeding gelatin to continuously mixed
anaerobic cultures degrading glucose resulted in poor protein degradation (< 30 %).In another
studywherethefeed contained glucoseto cultureBreureetal.(19866)found that degradationof
gelatinwasretarded. Thispresumablyoccurred atday36inour experiment, i.e. after sucrosewas
added together gelatinwith to the substrate solution. Thiseffect mayhasbeen aggravated bythe
lack of nutrients. Although deamination of gelatin occurred, its acidification did not proceed
satisfactorily. Also in the study of Breure, a progressive retardation of gelatin degradation was
observed at elevated concentrations of carbohydrates. According to Breure and co-workers,
carbohydrates are preferentially degraded when mixture of protein and carbohydrate is used as
substrate.Thisphenomenonpresumablyprevailedintheperiod,followingthatinwhichthereactor
was operated with pre-acidified influent; it then received a mixture of gelatin and sucrose as
substrate, supplied separately though with nutrients and trace elements, but without preacidification (day 77). The sludge possibly lost its ability to degrade proteins sufficiently well.
However, by allowingthe sucrose to become pre-acidified prior to feeding it to the reactor, any
seriousproblemsinproteindegradationwerenotobserved(period60-77).Apparentlythepresence
ofsucroseinthereactorliquid(period 77-84)actsrepressivelytowardstheproteolyticmetabolism.
In previous studies conducted with pure cultures, similar effects of repression of the proteolytic
metabolism were observed upon the addition of glucose and other easily fermentable substrate
(Glenn, 1976; Pansare et al., 1985; Wiersma & Hander, 1978; Whooley et al., 1983). The
explanation for the repression of the protein degradation in heterotrophic cultures with might
therefore bethatthecarbohydratesarethepreferential substratesfortheseorganisms(Beureet al,
19866). Alikelyexplanation for theretarded acidification ofproteinscould betheelevated partial
pressure of hydrogen, resultingfromthe rapid degradation of carbohydrates. Hydrogen may act
inhibitory for the degradation of amino acids, produced in the hydrolysis of proteins (Fox &
Pohland, 1994).InChapter4wefound agood degradation ofgelatinandbeer (co-substrates)and
theconversionintomethaneproceededwell.Apparentlybeerdidnotcompetewithgelatininthese
experiments, or - possibly - the partial pressure of hydrogen generated by beer degradation
remainedsufficiently low.
Inaninvestigation conducted usingaUASBreactor fed with gelatin, Breure etal.(1985)
observed, that the granular seed sludge used in the reactor, attained a slimy appearance. The
formation ofthis slimy matter could be responsible for the observed poor release of gasbubbles
from thegranules,andconsequentlyforthesludgeflotationoccurringintheUASB-reactor. Inour
experiment, granular sludge flotation only occurred, under conditions where gelatin, or gelatin +
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sucrose, were satisfactorily well removedfromthe solution, but the degradation (mineralization)
remainedpoor. Thisleadstotheconclusionthatthereasonsforthe'slimeformation' in/ongranular
sludgeasobserved byBreureetal.(19866)canbeattributed to adsorption or precipitation ofthe
gelatiningredients,orofpolymericproductsformed fromgelatin(+sucrose).
It is obvious from the results obtained in our present investigations that a certain preacidification ofsubstrateingredientslikesolubleproteinsandcarbohydratesisaprerequisiteforthe
properperformance oftheEGSBreactor.
With respect to the EGSB-reactor system investigated inthe investigation in the present
experiments,itcanbeconcludedthatasievedrumgas-liquid-solid separatorinprinciplerepresents
a proper device, because - when well designed - it efficiently can prevent floating granules from
washingout.Moreresearchisneededtoassessthedesigncriteria.

CONCLUSIONS
Whentreating soluble'moreor lesscomplex',butbasicallywellbiodegradable substrateconsisting
ifmixturesof gelatin and carbohydrates, inanEGSB-type reactor, it is necessary to use anwell
adapted type of granular sludge as seed in order to be capable to accomplish a stable and
satisfactory performance. Moreover, for a satisfactory performance of the EGSB-system, the
substrate should be sufficiently pre-acidified prior to introducing it into the reactor. In order to
achieve this, nutrients like phosphate and ammonia should be present in sufficient amounts. For
NH/-Nthisobviouslyalwayswillthecase,becauseitwillbegenerated insufficient amounts from
thedeaminationoftheproteins.
Whenusingpoorly adapted granular sludge,a satisfactory performance ofEGSB-reactors
atOLRintermsofacidogenesisandmethanogenesiswillhardlybepossibleatloadsexceeding7.5
gCOD/l.d,despitethefactthattheCOD-removal-asaresultofsorptionofsubstrateingredientsmaylook satisfactory.
Incasethepre-acidification remainsinsufficient, theperformance oftheEGSB-reactorwill
deteriorate. This evenwillbethe casewhen sufficient nutrients are supplied to the influent ofthe
reactor. Both,theprocess ofdeamination and ofacidification, willnot proceed sufficiently wellin
that case. Moreover due to the occurrence of a significant sorption of substrate ingredients -or
possiblepolymericproductsformedfromthegelatinandsucrose-thegranular sludgewillbecome
slimy, resulting in problems with the release of gas bubbles from the sludge aggregates and
consequently problemswith sludgeflotation. Furthermorethe sludgeyield willincrease sharply as
wellitssubstratecontent.
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GENERAL DISCUSSION
Theworkdescribed inthisthesisdealswiththefeasibility ofanaerobictreatment ofcomplextypes
of wastewaters containing mixtures of lipids, proteins and/or carbohydrates. In view of specific
problems manifesting in some of the experiments with mixed components, occasionally separate
experiments were conducted with solutions containing merely one of these components. In the
investigations particular emphasis was afforded to the application of Expanded Granular Sludge
Bed (EGSB)reactors,becauseresultsobtained inearlier research indicted that the EGSB-systems
mightrepresentparticular promiseforthetreatmentoflipidcontainingwastewaters.
Chapter 1 providesabriefliterature surveyofsomerelevant literature reports dealingwith
the production ofcomplex industrial wastewaters and with available information dealingwiththe
feasibility ofanaerobictreatment systemsliketheEGSB-reactorconcept.
Chapter2dealswithinvestigationsconcerningthedegradation ofamilk-fat emulsionusing
a closed circuit with anEGSB reactor astreatment system. The results of the experiment show
that themajor part oflipidspresent intheemulsion adsorbto the sludgegranules. This adsorbed
fractionremained non-degraded. In fact only the colloidal fraction was found to be degrade,
although quite slowly. Latter could be expected regarding the very small value of the rate
hydrolysisfa,viz. amounting to approximately O.Old"1.Themainmechanism for lipidsremovalin
an EGSB-system apparently results from a sorption mechanism rather than from biological
degradation.
The results in Chapter 3 concern investigations conducted with an expanded granular
sludgebed(EGSB)reactorsystemequippedwithasievedrumasgas-liquid-solid separatordevice
(GLSS). The sievedrum GLS-device was investigated inorder to assess its feasibility to prevent
the wash-out offloatinggranular sludge. Due to sorption of lipids in/on the granular sludge
particlesandthepoor degradation ofthese sorbed lipids,aheavyflotationofgranular sludgemay
prevail inthe system. And consequently the reactor therefore then needs to be equipped with an
appropriate sludge retention device. Two sieve drum designs were evaluated in experiments
conducted with complex synthetic wastewaters composed of carbohydrates, proteins and lipids.
One ofthese GLS-devices was capable to retain floating granular sludge effectively and without
damaging the granular sludge structure. In this experiment it was observed that major part of
effluent CODconsisted of'soluble'matter passing a membrane of 0.45 urn, viz. up to 85%. The
hydrolysis and/or acidification of this fraction proceeded very slowly. Furthermore a peculiar
phenomenon was observed, i.e. that drops inthe content of non-acidified soluble COD (NAS)in
theeffluent alwayscoincidedwithanincreasein thecontent ofcolloidalCOD(CODCOLL)andvice
versa Thebiodegradability ofthis particular matter isvery poor. The gradual deterioration inthe
treatment performance found inthe experiments mainlycanbe attributed to the formation ofthis
'soluble/colloidal' poorly biodegradable COD-fraction. In this Chapter also results were presented
dealing with the batch biodegradation experiments (during 2 weeks) for assessment of the
biodegradation of different types of proteins, viz. originating from potato, corn, milk and egg,
togetherwithgelatinandbovine.Theexperimentswereconducted withgranular sludge.Although
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alltheproteinsinvestigatedwerewelldeaminatedtheconversionintomethane-CODwasrelatively
poor.
The research presented in Chapter 4 deals with the application of the EGSB-system to
complexsyntheticwastewatercomposedofcarbohydratesandethylalcohol,protein(gelatin)anda
milk-fat lipid emulsion. Like in the other EGSB-experiments liquid upflow velocities applied
amounted to6m/h;thereactorswereseededwithgranular sludgefrom afull scaleUASB-reactor.
It wasfound that theorganicpollutantsfrom beer andgelatinwere rather well removed at ahigh
CODremovalefficiency (90-95%)andalsotheCOD-conversiontomethanewasasexpected,viz.
upto85%atimposedOLR'supto 12gCOD/1.d,consequentlymoderateloadingrates.Gelatin-N
wasdeaminated upto 86-89%. Thepresenceoflipidsupto concentrations of0.260gCOD/1 did
not detrimentally affect the reactor performance, althoughtemporary a slight decrease inmethane
production manifested, themethaneproduction recovered after 5days.However, the degradation
of lipids did not proceed satisfactorily under the conditions imposed to the system; the main
removal mechanism of lipids presumable was adsorption and/or precipitation. In experiments
conducted inone ofthe reactors with merely beer as substrate, a peculiar observation wasmade
with respect to the granular sludge stability. After 16 days of continuous feeding, the granular
sludge suddenly started to disintegrate, aphenomenon which obviously can not betolerated inan
EGSB-system. The mechanism(s) underlying this granular sludge deterioration phenomenon are
unknown yet, but regarding the fact that a high granular sludge stability is a factor of crucial
importance for the feasibility ofEGSB-systems, it isessential to continue research inthisfield.In
our experiments we observed that granular sludge disintegration ceased almost immediately after
supplyinggelatintothefed, anobservationwhichclearlydeserveselucidation.
Chapter 5presentstheresultsofinvestigationsdealingwiththeapplicability oftheEGSBsystem to wastewaters composed of mixtures of gelatin and sucrose. An non-adapted granular
sludgewasusedintheexperiments.Theresultsobtained onceagaindemonstratethecomplexityof
phenomenawhichcanoccurinananaerobictreatment systemsunderspecific'feed'conditions,such
as manifesting when the system is fed with solutions not containing the required growth macronutrients (not supplied).Under such conditions littleifanygrowth can occur, although incaseof
protein degradation (deamination) proceeds, generally sufficient ammonia is set free for growth.
Indeed, withgelatin as mere substrate, 70-90 % deamination was found at space loads up to 7g
COD/1.d.However, under these conditions the acidification remained poor, and consequently the
conversion to methane, viz. it only amounted up to approximately 65 %. However, at the same
time the assessed COD-removal efficiency ranged up to 85-90 %, indicating that a substantial
fraction ofthegelatin, or at least intermediates (regarding the relatively good deamination) either
sorbed to the sludge surface or precipitated inthe sludge. Addition of sucrose to the gelatin feed
resulted in a slight improved deamination, but at the same time in a further decline of the
fermentation ofgelatin Whenhowever nutrients supplied, i.e. simultaneously with thegelatinand
sucrose inthe feed storage vessel, pre-acidification of both these substrates appeared to proceed
already well inthe storage vessel. Thisresulted in a significant improved fermentation ofgelatin.
However, whenthesolutionsofgelatinand sucroseareintroduced separately intothereactor, the
extent ofthefermentation ofgelatin once againdropped sharply. Apparently thepresenceofnon-
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acidified sucrose seriously depresses the fermentation of gelatin But curiously enough the COD
removal efficiency remained up to 90% underthese conditions, indicating that the mechanism of
proteinremovaloriginatesfromasorptionorprecipitationmechanism. AlthoughtheCOD-removal
efficiency remained high, the sorption of substrate ingredients - or possibly of some polymeric
products formed from the gelatin and sucrose (or possibly specific intermediate degradation
products) -leadto adeterioration ofgranular sludgecharacteristics.Particularly thereleaseofgas
bubblesfromthe sludge aggregates became seriously hampered, leading to problems with sludge
flotation. Byrecoveringthepre-acidification ofgelatinandsucroseinthepre-acidification tank,the
performance ofthesystemimprovedagain.
The scientific importance of the investigations comprises a number of interesting
observations related to phenomena prevailing in EGSB treatment processes with respect to the
behavior ofgranular sludge.Thesephenomena areof bigimportance consideringthefeasibility of
these systemsintreating more complextypes ofwastewaters, and theytherefore deserve serious
attentioninfuture research.Importantissuesinthisrespectarethefollowing:
a. The mechanism(s) prevailing in lipid removal particularly adsorption processes and the factors
controllingthedegradation ofthesorbed lipids.Invariousoftheexperimentsconducted wefound
that a substantialfractionof lipidsfrommilk-fat emulsionswas sorbed in/on the sludgegranules,
whichinducedseriousflotation ofthesludgegranules.Theflotation ofthegranulescanresult from
difficulties inthereleaseofgasbubblesbutalsocanbeduetothestrongbuoying characteristicsof
lipids. Granular sludge flotation can clearly detrimentally affect the performance of an EGSBreactor,particularlytheretentionofgranularsludge.
b.Moreinformation isneededabouttherateofhydrolysis(kh= 0.01d"1) ofdispersed lipidspresent
inmilk-fat emulsion,becausetheresultsindicatethattheliquefaction stepofmilk-fat proceedsvery
slowly and it would be big importance to assess whether or not the liquefaction rate can be
enhanced, e.g. by imposing higher temperatures in some additional granular sludge recuperation
reactor.
c.ThereasonsfordeteriorationinCOD-treatment performance ofanEGSB-reactorwhenfedwith
a mixture of gelatin, sucrose and milk-fat needs to be elucidated. In this respect particularly
attention should be afforded to the poor biodegradability of 'soluble' COD-ingredients proceed in
the system, i.e. including the nature and the reasons(s) ofthe formation of these ingredients. The
formation of these 'recalcitrant' ingredients is the more striking, regarding the rather good
biodegradability of the separated feed constituents. Of particular interest is also the observed
relativelyeasyconversionofnon-acidified 'soluble' CODintocolloidal-CODandviceversa.
d. AlthoughtheEGSB-systemwascapabletotreat amixtureofamilk-fats, gelatin andbeerrather
satisfactorily, even in presence of lipid concentrations up to 0.260 g COD/1, the stability of the
treatment systemlooksquestionable.Thislikeparticularlyisthecaseathigherlipid concentrations,
ultimately serious operational problems may manifest and therefore specific measures should be
developed in order to prevent such problem. So far to little reliable quantitative information is
available about this matter. As mentioned above, a possible attractive solution to prevent such
operational problems could befound incombiningtheEGSB-reactor with a separate digester for
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granular sludge recuperation; in this digester the adsorbed lipids in/on granules are allowed to
becamesufficiently degraded.
e. Thereasons for the disintegration ofgranular sludge manifesting upon feeding the systemwith
merely diluted beer, infact atfirstsight a not too complex and quite well biodegradable soluble
substrate, should be elucidate. And this also applies for the observation that the disintegration
ceasesalmostinstantaneouslyafter supplyinggelatintothefeed.
f Thedetrimentaleffect ofthepresenceofsucroseonthefermentation ofgelatinneedselucidation,
and alsowhy concomitantly an improved COD-removal is found. The observed improved CODremoval presumable canbe attributed to a sorption or precipitation process. The question iswhy
andhow.
g. The reasons of occurrence of granular sludgeflotationwhen the system is fed with solutions
containinggelatinand sucroseassubstrate. Indicationswere obtained thatflotationmaybedueto
the formation of layers/films of sorbed of some substrate ingredients (or intermediates) on the
sludgesurface. Theselayerslikelyobstructtheeasyrelease ofgasproduced insidetheaggregates,
leadingtotheentrapment ofgasbubbles.Moreinformation isneeded aboutthetypeofingredients
responsibleforthis'film' formation.
EGSB-reactor equipped with a well designed and situated sieve drum GLS-device look
attractive for the treatment of wastewaters containing lipids in concentrations in the range 0.050.100 g/1like dairy wastewaters. The sieve should be offering a sufficient open surface area to
accommodate the relatively hydraulic loads applied in EGSB-reactors. Although already useful
information has been obtained with respect to the required number of apertures per unit surface
area,andaboutthedimensionsoftheaperturesaswell,stillmoreresearch isneedinthisfield.The
particularly applies with respect to factors likethe achievable surface load, the effect wastewater
composition, imposed COD-load, temperature and treatment efficiencies. However, the
observationsmadeinourinvestigation indicatethat a sievedrumtypeofGLS-devicerepresentsa
quietpromisingmeansinretainingbuoyingsludgegrainsinEGSB-reactorstreatinglipidcontaining
wastewaters. With respect to the position of the sieve in the GLS-device clear evidence was
obtainedthatitisbeneficial toplaceitinthelowerpartofthedevice,sothat inthetopofthedevice
azoneisleft for alayerofbuoyinggranularsludge.Asfound inearlyresearchbyRinzemaetal. at
our laboratory the superficial liquid velocities of 6 m/h generally applied in EGSB provide a
sufficient contact between substrateandgranular sludgeto guaranteeagood degradation ofcapric
andlauricacidsatveryhighorganicspaceload(exceeding 30kgCOD/m3.day).However, despite
the good contact apparently still a rapid accumulation of sorbed layers of lipidswill occurswhen
treatingmilk-fat emulsionsevenatrelativelymoderateloadingrates, similarlyasmadebyRinzema
in experiments with emulsions of triglycerides. The results in Chapter 2 revealed a rather poor
biodegradabilityofmilk-fatunderconditionsprevailingintheEGSBreactor. Alargeamountofthe
lipidsiseliminatedbyadsorption, whiletherate ofliquefaction ofthecolloidal matter left inliquid
phase was low. Only a part of the liquefied lipids was found to be converted into methane, the
remaining part for some reason is not or extremely poorly biodegradable under the conditions
prevailinginanEGSB-reactor. Thisalsoisanissuethat deserves attention infuture research.The
results in Chapter 4 revealed that lipids are mainly removed by an adsorption (or precipitation)
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mechanism;sofarinsufficient information isavailableaboutthedegradationrateofthis'matter'and
factors which are rate limiting intheir degradation. Although lipid concentrations in the range of
0.05-0.100 g/1 canbeaccommodated inanEGSB-systemwithout aclear detrimental effect onthe
methanogenesis, it remain questionable whether or not we are dealing with a stable process,
becausethedegradationoftheaccumulatinglipidsclearlydidnotproceed satisfactorily. Theresults
inChapter3showthatproteinsareeasilyhydrolyzed,butalsothatnon-adapted sludgeisunableto
converttheproductsofthehydrolysisprocessrapidlytomethane.Thisisinfact very similarasthe
observations made in Chapter 5 with gelatin and sucrose as main constituents of soluble COD.
Theirbiodegradationproceeded slowlyandtherefore attention shouldbeafforded totheadaptation
aspect ofgranular sludgeinordertoprevent overloadingofthesludge,viz.howtoproceed inthe
adaptation process, how muchtime is needed, how can the process be speeded up. As found in
Chapter 5for a satisfactory performance oftheEGSB-system itisneeded, at least verybeneficial,
to apply apre-acidification step for boththe substrates (protein and carbohydrate). Theveryclear
overall conclusion of the investigations is that the main mechanism for lipids removal comprises
either precipitation or adsorption on granular sludge, and that the degradation of lipids proceeds
very slowly, particularly of sorbed lipids. Lower lipid concentrations presumably can be
accommodated byEGSB-systems, at least for prolonged periods of time. However, when using
non-adapted granular sludgefor treating complex types ofwastewater the system easily passesin
situation ofseriousoverloading. Withrespect to theEGSB-reactor concept, the reactor equipped
with asievedrum GLS-device show a quite promising performed with respect to granular sludge
retention when treating complex wastewater. Therefore the EGSB concept certainly offers
attractivepotentialsforfull scaleapplicationfor treatingcomplextypesofwastewaters,but incase
lipids are present the EGSB-reactor should be combined with a digester for granular sludge
recuperation.
The recommendations we want to make on the basis of the observations in our
investigationsare:
1.Forwastewaters containing lipidswe recommend to installafirstEGSB reactor. When serious
flotation ofgranules occurs, thesebuoyinggranules can beconveyed to a parallel EGSB-reactor,
which acts asa secondary contact process for sludge recuperation. This second EGSB-reactor is
operated at a relatively high hydraulic retention time and optimal temperature. The reconditioned
sludgefromthis second reactor (i.e. after sufficient degradation ofthe sorbed ingredients) canbe
returned to the main reactor, ifneeded with new (fresh) granular sludge. This likely willimprove
thelipiddegradationcapacityofthemainreactor, e.g. asaresultofthespecialized consortiawhich
possibly developed inthe granular sludge inthe second (contact) reactor. The LCFA setfreeby
hydrolysis in the recuperation reactor presumably will be well degraded, particularly when the
reactorisoperatedatoptimaltemperatures.
2. Complex wastewaters composed of carbohydrates and proteins should be sufficiently preacidified inapre-acidification reactor inorder to achieve a stable and efficient performance inthe
highrateEGSB-system.
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3. Always sufficient time should be invested for adaptation of granular sludge when treating a
wastewater containing proteins, carbohydrates and lipids in order to achieve stable performance
conditions(e,g.nogranularsludgedeterioration)atsufficient highloadingrate.
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DISCUSSAO GERAL
0 trabalho descrito nesta tese trata da possiblidade de tratamento anaerobio de aguas
residuariastipocomplexascontendo misturasdelipidios,proteinas ecarboidratos. Emvistade
especificos problemas manifestados em alguns experimentos com componentes misturados,
ocasionalmente experimentos individuals (separados) foram executados com solucoes
contendo apenasumdesses componentes.Nasinvestigacoes,particular enfase foi dadaparaa
aplicacao do Reator de Leito Granular Expandido (RELGE), porque resultados obtidos em
pesquisa anterior indicou que o sistema RELGE pode representar particular promessa para
tratamento deaguasresiduarias contendolipidios.
O Capitulo 1fornece um levantamento resumido de literatura com alguns relevantes
relatos cientificos tratando da producao de aguas residuarias complexas e com acessivel
informacao que trata da aplicabilidade de sistemas de tratamento anaerobio semelhante ao
conceitoRELGE.
0 Capitulo 2trata dainvestigacao arespeito da degradacao de emulsaodegordura de
leite usando um reator RELGE em circuito fechado como sistema de tratamento. Os
resultados do experimento mostram que a maior parte dos lipidios presentes na emulsao
adsorvem nos granulos de lodo. Essa fracao adsorvida permaneceu sem degradar-se. De fato
somente afracao coloidal degradou, emboramuitolenta.Por ultimo, poderia ser esperado um
valor relativamente menor da taxa de hidrolise, kh, como de fato foi encontrado, de
aproximadamente 0.01 d"1 .
O resultado no Capitulo 3 diz respeito a pesquisa realizada com um sistema RELGE
equipado com uma peneira cilidrica como dispositivo separador de gas, liquido e solido. O
dispositivo peneira cilidrica separador de gas, liquido e solido foi investigado para avaliar sua
praticabilidade emprevenir o escapedelodo granular flutuante. Devido a adsorcao delipidios
nas particulas de lodo granular e a pobre degradacao desses lipidios adsorvidos, uma forte
flutuacao delodogranular podepredominar no sistema. Consequentemente, oreator necessita
portanto ser equipado com um dispositivo adequado para retencao de lodo. Dois desenhos de
peneira cilindrica foram avaliados no experimento realizado com aguas residuarias complexas
sinteticas compostas decarboidratos, proteinaselipidios.Umdesses dispositivos separador de
gas, liquido e solido foi capaz de reter lodo granular flutuante sem prejuizo da estrutura do
lodo granular. Neste experimento foi observado que a maior parte do efluente DQO
(Demanda Quimica de Oxigenio) consiste de materia soluvel, mais de 85 % da materia
passando numa membrana porosa de 0,45 um. A hidrolise e/ou acidificacao desta fracao se
realiza muito lentamente. Alem disso, um peculiar fenomeno foi observado, queda no
conteudo de DQO soluvel nao acidificada no efluente sempre coincide com um aumento no
conteudo deDQO coloidal evice-versa. Abiodegradabilidade desta materia particular emuito
pobre. A deterioracao gradual no desempenho do tratamento achada no experimento
principalmente pode ser astribuida para a formacao desta fracao coloidal/soluvel da DQO
pobrementebiodegradavel. Neste Capitulo, os resultadostambem sao apresentados referentes
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a experimentos de biodegradacao em batelada (durante 2 semanas) para avaliacao da
biodegradacao de diferentes tipos deproteinas, isto e, originadas debatata, milho, leite eovo,
junto com gelatina e albumina serica bovina. Os experimentos sao realizados com lodo
granular. Embora todas as proteinas investigadas fossem bem deaminada, a conversao para
DQO-metano foi relativamentepobre.
Apesquisa presentada no Capitulo 4 trata da aplicacao do sistema RELGE para agua
residuaria complexa sintetica composta de carboidratos, alcool etilico, proteina (gelatina) e
uma emulsao de lipidio de gordura de leite. De forma semelhante como em outros
experimentos, as velocidades de ascencao do liquido aplicado equivaleu a 6m/h. Os reatores
foram inoculados com lodo granular de um Reator Anaerobio de Fluxo Ascendente de Leito
deLodo (UASB) emescala industrial. Foi constatado que ospoluentes organicos da cerveja e
gelatinaforam bemmelhorremovidosparaumaaltaeficiencia deremocao deDQO(90-95 %)
e tambem a conversao de DQO para metano foi como esperado, isto e ate 85 % para carga
organica ate 12 g DQO/l.d, consequentemente uma taxa de carga organica moderada.
Nitrogenio da gelatina foi deaminado ate 89 %. A presenca de lipidios em concentracoes ate
0.260 g DQO/1 prejudicialmente nao afetou o desempenho, embora um insignificante
decrecimonaproducao demetano manifestou-se. Aproducao de metano recuperou-se depois
de 5 dias. Embora a degradacao de lipidios nao ocorreu satisfatoriamente sob as condicoes
impostaspara osistema, oprincipal provavel mecanismo deremocaodelipidiosfoi aadsorcao
e/ou apecipitacao.No experimento conduzido emumdos reatores com apenas cerveja como
substrato, uma observacao peculiar foi feita com respeito a estabilidade do lodo granular.
Depoisde 16diasdealimentacaocontinua, olodogranular derepentecomecou a desintegrarse, um fenomeno que obiviamente, nao pode ser tolerado em um sistema RELGE. O(s)
mecanismo(s) fundamental(ais) deste fenomeno de deterioracao do lodo granular e ainda
desconhecido, mastendo emvistaqueumaaltaestabilidade dolodogranular efator decrucial
importancia para a praticabilidade do sistema RELGE, e essencial continuar a pesquisa neste
campo. Em nossos experimentos observamos que a desintegracao de lodo granular cessou
quase imediatamente depois do suprimento de gelatina para a alimentacao, uma observacao
quenitidamentemereceelucidacao.
0 Capitulo 5 apresenta os resultados das investigates tratando da aplicabilidade do
sistemaRELGE para aguasresiduarias compostasdemisturas degelatina e sacarose. Umlodo
granular nao adaptado foi usado no experimento. Os resultados obtidos mais uma vez
demonstraram a complexidade do fenomeno, o qual pode ocorrer em um sistema de
tratamento anaerobio sobespecificas condicoesde 'alimentacao', como manifestada quandoo
sistema e alimentado com solucoes sem os requeridos macro-nutrientes de crescimento. Sob
tais condicoes pouco ou nenhum crescimento pode ocorrer, embora no caso de ocorrencia de
degradacao de proteina (deaminacao) geralmente suficiente anonia e liberada para o
crescimento. Realmente, com gelatina como unico substrato, 70-90 % de deaminacao foi
achada para cargas espaciais ate 7 g DQO/l.d. Entretanto, sob estas condicoes a acidificacao
permanece pobre e consequentemente, a conversao para metano somente alcan?ou ate 65 %.
Entretanto, para omesmotempo, a avaliada eficiencia deRemocao deDQO variou ate 85-90
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%, indicando que uma fracao substancial de gelatina, ou pelo menos intermediaries (com
respeito arelativa boa deaminacao) ou adsorve para a suferficie do 16doou precipita nolodo.
Aadicaodesacaroseparaaalimentacaodegelatinaresultou emumainsignificantemelhorana
deaminacao, mas ao mesmo tempo em um adicional declinio da fermentacao da gelatina.
Quando, entretanto, nutrientes sao supridos, isto e, simultanemente com a gelatina e sacarose
no tanque de alimentacao, uma pre-acidificacao de ambos substratos surgiu prontamente no
tanque de alimentacao. Isto resultou em significativo melhoramento na fermentacao da
gelatina. Entretanto, quando as solucoes de gelatina e de sacarose sao introduzidos
separadamente no reator, a extensao da fermentacao da gelatina mais uma vez caiu
abruptamente. Aparentemente, a presenca de sacarose nao acidificada faz baixar seriamente a
fermentacao dagelatina. Mascuriosamente permaneceu bastante eficiente aremocaodaDQO
ate 90 % sob estas condicoes, indicando que o mecanismo de remocao de proteinas originou
de mecanismo de adsorcao ou precipitacao. Embora a eficiencia de remocao de DQO
permaneceu alta, a adsorcao de ingredientes dos substratos - ou possivelmente adsorcao de
alguns produtos polimericos formados da gelatina e sacarose (ou possivelmente especificos
produtos de degradacao intermediaria) - resultou na deterioracao das caracteristicas do lodo
granular. Particularmente, a liberacao de bolhas de gas dos agregados do lodo e seriamente
dificultada, levando a problemas com flutuacao de lodo. Em consequencia da recuperacao da
pre-acidificacao da gelatina e sacarose no tanque de pre-acidificacao, o desempenho do
sistema melhorou novamente.
A importancia cientifica da investigacao resume um numero de interessantes
observacoesrelacionadas com ofenomeno predominante emprocessos detratamento RELGE
com respeito ao comportamento do lodo granular. Estes fenomenos sao de grande
importancia considerando a possibilidade destes sistemas no tratamento de tipos mais
complexos de aguas residuarias. Eles portanto, merecem seria atencao em futuras pesquisas.
Importantes questoes aesterespeito saoasseguintes:
a. O(s)mecanismo(s) predominante(s) emremocao delipidios, particularmente o processo de
adsorcao e os fatores controladores da degradacao de lipidios adsorbidos. Em varios dos
experimentos conduzidos constatamos que uma substancial fracao de lipidios foram
adsorbidos nos granulos de lodo, os quais induzem serias flutuacoes de granulos de lodo. A
flutuacao de granulos pode ser devida a dificuldades na liberacao de bolhas de gas mas
tambem pode ser resultado de fortes caracteristicas flutuantes dos lipidios. Flutuacao de lodo
granular pode claramente afetar o desempenho de um reator RELGE, particularmente a
retencao delodo granular.
b. E nescessario obter mais informa^ao sobre a taxa de hidrolise (£/,=().01 d"1) dos lipidios
dispersados presentes na emulsao de gordura de leite, porque os resultados indicam que a
etapa da liquefacao dos lipidios da gordura de leite se realiza muito lenta. E de grande
importancia avaliar seataxa de liquefacao pode ou nao ser acentuada, por exemplo impondo
altastemperaturas emalgumreator adicional derecuperacaodelodo.
c. As raz5es para deterioracao no desempenho do tratamento da DQO de um reator RELGE
quando alimentado com uma mistura de gelatina, sacarose e gordura de leite necessita ser
101

Chapter 6

elucidado. Neste aspecto, particular atencao deve ser dada para a pobre biodegradacao de
'soluveis' ingredientes da DQO produzidos no sistema, isto e incluindo a natureza e a(s)
razao(oes) da formacao destes ingredientes. Aformacao destes ingredientes 'recalcitrantes' e
o mais surpreendente, relativamente a melhor biodegradabilidade dos constituintes da
alimentacao em separados. De particular interesse e tambem a observacao da relativamente
facil conversaodeDQO soluvel nao acidificada paraDQOcoloidal evice-versa.
d. Embora o sistema RELGE seja capaz de tratar uma mistura de gordura de leite, gelatina e
cerveja satisfatoriamente melhor, mesmo empresenca de concentracoes de lipidio ate 0.260 g
DQO/1, a estabilidade do sistema de tratamento parece questionavel. Este situacao e
particularmente provavel no caso de alta concentracoes de lipidio; fundamentalmente, serios
problemas operacionais podem se manifestar e, portanto, medidas especificas devem ser
desenvolvidas paraprevenir problemas semelhantes. Ateaquipouca quantidade de informacao
segura esta disponinivel sobre esta materia. Como mencionado acima, uma atrativa e possivel
solucao para prevenir semelhantes problemas operacionais deveria ser a colocacao de um
RELGE combinado com um digestor separado para recuperacao do lodo granular; neste
digestor oslipidiosadsorvidos nosgranulostornam-sesuficientemente degradados.
e. As razoes para a desintegracao do lodo granular manifestada na alimentacao do sistema
com apenas cerveja diluida. De fato, a primeira vista, um nao tao complexo e completamente
bem biodegradavel substrato soluvel, deveria ser elucidado. E isto tambem se aplica para a
observacao que a desintegracao cessa quase instantaneamente depois de suprir gelatina paraa
alimentacao.
f. Oefeito prejudicial dapresenca de sacarose na degradacao da gelatina necessita elucidacao.
E tambem porque concomitantemente uma improvavel remocao de DQO foi encontrada. A
observacaodaimprovavel remocao deDQO possivelmente pode ser atribuida para aadsorcao
ouprocesso deprecipitacao.Apergunta eporque ecomo.
g. A razao da ocorrencia da flutuacao de lodo granular e alimentacao quando o sistema e
alimentado com solucoes contendo gelatina e sacarose como substrato. Indicacoes foram
obtidas de que aflutuacao pode ser devido aformafao de camadas/filmes de ingredientes (ou
intermediaries) de substrato adsorvidos na superficie do lodo. Estas camadas provavelmente
obstruem a facil liberacao de gas produzido dentro dos agregados, levando para o
conglomerafao debolhas degas. E necessario mais informacao sobre os tipos de ingredientes
responsaveis pelaforma?ao deste filme.
Reatores RELGE equipados com um dispositivo com peneira cilindrica separadora de
gas, liquido e solido bem desenhado e situado parece atrativo para tratamento de aguas
residuarias contendo lipidios emconcentrafoes variando de0.05-0.100 g/1 semelhante aaguas
residuarias de leiterias. A peneira deve oferecer uma suficiente area superficial aberta para
acomodar arelativacarga hidraulica aplicada no reator RELGE. Embora informacao util fosse
obtida prontamente com respeito ao necessario numero de aberturas por unidade de area
superficial, bem como dimenssoes sobre as aberturas, ainda mais pesquisa e necessaria nesse
campo. Esta particularidade aplica-se com respeito a fatores como alcance da carga
superficial, oefeito da composicaoda agua residuaria, carga imposta de DQO, temperatura, e
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eficiencias detratamento. Contudo asobservacoesfeitas emnossasinvestigacoesinduzem que
uma peneira cilidrica tipo dispositivo separador de gas, liquido e solido representa um
completo meio na retencao de graos de lodo flutuante em reatores RELGE tratando aguas
residuarias contendo lipidio. Com respeito a posicao da peneira no dispositivo separador de
gas, liquido e solido clara evidencia foi obtida que e benefica situa-la na parte inferior do
dispositivo, de modo que no topo do dispositivo uma zona e deixada para uma camada de
lodo boiante. Como constatado em pesquisa anterior por Rinzema et al., em nossos
laboratoriesavelocidade liquida superficial de 6m/hgeralmente aplicada emRELGE fornece
um suficiente contato entre substrato e lodo granular para garantir uma boa degradacao dos
acidoscaprico elaurico para uma alta carga organica espacial (excedendo 30 kg DQO/m3.d).
Entretanto, apesar deaparentemente bom contato aindauma rapida acumulacao decamada de
lipidios adsorvida podera ocorrer quando se trata emulsao de gordura de leite mesmo para
taxas de carga relativamente moderadas, similarmente como feito por Rinzema nos
experimentos com emulsoes de triglicerideos. O resultados do Capitulo 2 revela uma mais
pobrebiodgradacao degordura deleitesobcondicoespredominantes no reator RELGE. Uma
grande quantidade de lipidios e eleminada por adsorcao, enquanto a taxa de liquefacao da
materia coloidal deixada na fase liquida foi baixa. Somente a parte dos lipidios liquifeita foi
encontrada convertida para metano; a parte restante, por alguma razao, nao e biodegradavel
ou e possue uma biodegradacao extremamente pobre sob as condicoes predominantes no
reator RELGE. Esta tambem e uma questao que merece atencao em futuras pesquisas. Os
resultados do Capitulo 4 revelaram que lipidios sao removidos principalmente por um
mecanismo de adsorcao (ou precipitacao). Ate aqui insuficientes informacoes sao disponiveis
sobre ataxa dedegradacaodesta 'materia' equaisfatores saolimitantes nassuasdegradacoes.
Embora a concentracao de lipidios na variacao de 0.05-0.100 g/1possa ser ascomodada no
sistema RELGE semumclaro efeito prejudicial nametanogenise, isto permanece questionavel
se nos estamos ou nao tratando com um processo estavel, porque a degradacao dos lipidios
acumulados claramente nao se efetuou satisfatoriamente. Os resultados no Capitulo 3
mostraram queasproteinas saofacilmente hidrolisadas, mastambem queolodo nao adaptado
e incapaz para converter rapidamente os produtos do processo de hidrolise para metano. Este
fato e muito similar com as observafoes feitas no Capitulo 5 com gelatina e sacarose como
principals constituintes da DQO soliivel. Sua biodegradacao procede muito lenta e portanto
atencao deve serdada para o aspecto da adaptacao de lodo granular para prevenir sobrecarga
do lodo,isto e, como proceder no processo deadaptacao, quanto tempo enecessario, comoo
processo pode seracelerado. ComovimosnoCapitulo 5, paraumsatisfatorio desempenho do
sistema RELGE e necessario. Pelo menos muito benefico aplicar uma etapa de preacidificacao para ambos substratos (proteina e carboidrato). A clara conclusao geral da
investigacao e que o principal mecanismo para a remo?ao de lipidios compreende ou
precipitacao ou adsorcao no lodo granular e que a degradacao de lipidios se realiza muito
lentamente, particularmente de lipidios adsorvidos. Baixas concentracoes de lipidios
provavelmente podem ser acomodadas pelo sistema RELGE, pelo menos por prolongados
periodos de tempo. Entretanto, quando usam lodo granular nao adaptado para tratamento de
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aguas residuarias do tipo complexa o sistema facilmente passa por situacoes de serias
sobrecargas. Com respeito ao conceito de reator RELGE, reatores equipados com
dispositivos de peneira cilindrica separadora de gas, liquido e solido mostrou uma completa
promessa de desempenho com respeito a rentencao de lodo granular quando tratando aguas
residuarias complexas. Portanto o conceito RELGE certamente oferece atrativos potenciais
para aplicacao emgrande escala paratratamentodetipos deaguas residuarias complexas,mas
no caso de lipidios estarem presentes o reator RELGE deve ser combinado com um digestor
pararecuperacaodelodogranular.
As recomendacoes que queremos fazer, baseados nas observacoes de nossa
investigacaosao:
1-Paraaguasresiduarias contendo lipidiosrecomendamos instalarprimeiro umreatorRELGE.
Quando seriasflutuacoesdegranulosocorre, estesgranulosboiantes podem ser transportados
para um reator RELGE paralelo, o qual atua como um processo de contato secundario para
recuperacao de lodo. Este segundo reator RELGE e operado para um tempo relativamente
alto de retencao hidraiilico e otima temperatura. O 16do recondicionado do segundo reator
(depois da degradacao dos ingredentes adsorvidos) pode retornar para o reator principal, se
necessario com novo (fresco) lodo granular. Isto provavelmente pode aumentar a capacidade
de degradacao de lipidios do reator principal, por exemplo como um resultado de consorcio
especializado qual possibilita desenvolvimento no lodo granular no segundo reator (contato).
Os LCFA liberados pela hidrolise no reator de recuperacao provavelmente poderao ser bem
degradados, particularmentequando oreator estiver operando paraotimastemperaturas.
2- Aguas residuarias complexas compostas de carboidratos e proteinas devem ser
suficientemente pre-acidificadas em um reator de acidificacao para encontrar um estavel e
eficiente desempenho emsistemaRELGEdealtataxa.
3- Sempre deve ser investido um tempo suficiente para adaptacao de lodo granular no
tratamento de aguas residuarias contendo proteinas, carboidratos e lipidios no sentido de
encontrar condicoes de desempenho estavel (por exemplo nao deterioracao de lodo granular)
suficiente para suportar altastaxasdecarga.
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DISCUSSIE
Dit proefschrift beschrijft de resultaten van een onderzoek naar de haalbaarheid van de
anaerobezuiveringvanvet, eiwit en/ofkoolhydraat houdend complex afValwater. Met het oog
op specifieke problemen die ontstonden bij sommige experimenten met mengsels van
bovengenoemde stoffen zijn een aantal experimenten uitgevoerd waarbij gebruik werd
gemaakt van synthetisch afValwater waarin slechts een van deze componenten was opgelost.
De nadruk isin dit onderzoek gelegd op het 'expanded granular sludge bed' (EGSB) systeem
omdat uit eerder onderzoek is gebleken dat dit systeem een veelbelovend alternatief vormt
voor hetzuiverenvanvethoudend afValwater.
Hoofdstuk 1 geeft een overzicht van relevante literatuur betrefFende de produktie van
complexe industriele afvalwaters en de haalbaarheid van de zuivering van dergelijke afValwaters
metanaerobezuiveringssystemenzoalshetEGSB-systeem.
In hoofdstuk 2 worden de resultaten van ladingsgewijs uitgevoerde recirculatie
experimenten besproken waarmee de afbraak van een melk/vet emulsie in een EGSB-systeem is
onderzocht.Hierbij isgeblekendathetgrootstedeelvandevetten indeemulsieadsorberen aanhet
korrelslib.Het geadsorbeerde deel wordt niet afgebroken. Uit de resultaten bleektevens dat alleen
het colloidale materiaal in de vloeistof fase werd afgebroken. Deze afbraak verloopt echter zeer
langzaam,hetgeenteverwachtenwasomdatdehydrolyseconstante (kh)vanditmateriaalerglaagis
(ongeveerO.Old"1).Verwijderingvanvettenberustklaarblijkelijk nietopbiologischeafbraak maarop
eenofandersorptiemechanisme.
Inhoofdstuk 3worden de resultaten vanhet onderzoek met eenEGSB reactor behandeld,
dedriefasenscheider indezereactor isgemaakt van eentrommelzeefomte onderzoeken ofzohet
uitspoelen van floterend korrelslib kanworden voorkomen. Door de sorptie van vetten in/aanhet
korrelslibendeslechteafbraak vandezevettenkanhetkorrelslibgaanfloteren. Omuitspoelingvan
het van floterend korrelslib te voorkomen is een geschikt systeem voor de slibretentie nodig. De
werking van twee typen trommelzeven is onderzocht tijdens experimenten met synthetisch
afValwater bestaand uit koolhydraten, vetten en eiwitten. Een van deze driefasenscheiders wasin
staat hetfloterende korrelslib indereactorte houdenzonder destructuur vanhet slibaantetasten.
Hetgrootstedeel,tot 85%,vanheteffluent bestaatuitopgelost CZV;dehydrolyseenverzuringvan
dezeffactie bleekuiterst langzaamteverlopen. Tijdenshetonderzoekwerdeenopmerkelijkerelatie
tussen de opgeloste niet verzuurde en de colloidale CZV-fracties waargenomen. Wanneer het niet
verzuurd opgelost CZVinheteffluent afheemt werderaltijd eentoenamevanhetcolloidaal CZVin
het effluent waargenomen enomgekeerd. Deafbreekbaarheid vandeze colloidale deeltjes isgering.
Degeleidelijkeverminderingvanhetzuiveringsrendementwordt voornamelijk toegeschrevenaande
vormingvandeze slecht afbreekbare opgeloste/colloidaleCZVfractie. In dit hoofdstuk zijntevens
de resultaten van twee weken durende ladingsgewijze proeven weergegeven waarmee de
biologischeafbreekbaarheid vanverschillendeeiwittenuitaardappelen,mais,melk,eienrundvleesis
bepaald. Deexperimenten zijnuitgevoerd metkorrelslib.Hoewel deeiwitten inditonderzoekgoed
gedeamineerdworden,isdeomzettingnaarmethaan-CZVgering.
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Hoofdstuk 4beschrijft deresultatenvanonderzoek naartoepassingvaneenEGSB-systeem
voorhetzuiverenvaneencomplexsynthetischafvalwater bestaandeuitkoolhydraten, ethylalcohol,
eiwit (gelatine) en een melk/vet emulsie. Evenals bij de andere EGSB experimenten werd een
opstroomsnelheid van 6 m/hgebruikt, de reactor was geent met korrelslib uit een praktijk UASB
reactor.Deorganischeverontreinigingen inhetbier engelatineafvalwater werdengoed verwijderd
(90-95 %),ook de CZV omzetting naar methaan (85 %) was zoals verwacht relatief goed bij de
toegepaste matige organische belasting van 12 g CZV/1. d. De Gelatine-N werd voor 86-89 %
gedeamineerd. De aanwezigheid van vetten in concentraties van 0.260 g CZV/1had geen nadelig
effect opdeprestatiesvandereactorwelwerdeentijdelijke verminderingvandemethaanproductie
waargenomen welkena 5dagen herstelde. De afbraak van vetten was niet voldoende, onder deze
omstandigheden is adsorptie en/of precipitatie waarschijnlijk het belangrijkste
verwijderingsmechanisme. Bij experimenten met bier als substraat begon na 16 dagen continue
voeden het korrelslib te desintegreren, hetgeen niet wenselijk is in een EGSB-syteem. Het
mechanismedat dezedesintegratie veroorzaakt isniet bekend. Gezien het feit dat stabiel korrelslib
essentieelisvoorhetkunnentoepassenvaneenEGSB-systeemisverderonderzoeknaardeoorzaak
van deze desintegratie vanbelang. De desintegratie stopt nagenoeg onmiddellijk wanneer gelatine
aanhetinfluent wordttoegevoegd, dezewaarnemingvraagttevensomopheldering.
In hoofdstuk 5 worden de resultaten van onderzoek naar de toepassing van het EGSBsysteemvoor debehandeling afvalwater dat bestaat uit mengselvangelatine ensucrosebehandeld.
Voorditonderzoekisnietgeadapteerd slibgebruikt.Deresultatenlatennogmaalszienhoecomplex
deprocessenzijndiezichkunnenvoordoenbijanaerobebehandelingvaneenbepaaldinfluent onder
bepaalde condities. Condities zoals deze zich bijvoorbeeld voordoen in een systeem dat wordt
gevoed met een oplossing welke niet de benodigde macro-nutrienten bevat. Onder dergelijke
conditiesvindt nauwelijks groeivanbacterien plaats,deafbraak van eiwitten (deaminatie)gaatwel
door en over het algemeen wordt voldoende ammonia vrijgemaakt voor bacteriegroei. Bij dit
onderzoekwerd met alleen gelatine als substraat bij volumebelastingen tot 7g CZV/1.dinderdaad
eendeaminatievan 70-90 % gevonden. Onder deze omstandigheden blijft deverzuring beperkt en
alsgevolghiervanook devormingvanmethaan(inditonderzoektot 65%).Tegelijkertijd werdeen
CZV verwijdering van 85-90 % gevonden, hetgeen erop wijst dat een substantieel deel van de
gelatine, of de intermediairen hiervan (met het oog op de relatief goede deaminatie), door sorptie
mechanismenworden gebonden aan het slib oppervlak of precipiteren in het slib. Toevoegen van
sucrose aan het gelatine influent resulteert in een iets betere deaminatie maar tegelijkertijd in een
slechtere vergisting van de gelatine. Indien samen met de gelatine en sucrose nutrienten worden
toegevoegd vindt in het influentvat voorverzuring plaats, hetgeen resulteert in een duidelijk
verbeterdevergistingvangelatine.Daarentegenwanneer degelatine en sucrose apart indereactor
worden gebracht vermindert de vergisting van gelatine sterk. Het niet verzuurde sucrose remt
klaarblijkelijk de vergisting van gelatine. Het is opmerkelijk dat de CZV verwijdering onder deze
omstandigheden 90 % blijft, hetgeen aangeeft dat eiwit wordt verwijderd door sorptie of
precipitatie. Hoewel het CZV verwijderingsrendement hoog blijft verslechtert de sorptie van het
substraat, of de polymeren die mogelijk worden gevormd uit sucrose en gelatine (of mogelijk
speficfieke intermediairendieontstaanbijdeafbraak), deslibeigenschappen. Hetontsnappenvanhet
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geproduceerde gas uit de slibkorrels werd belemmerd waardoor het slib ging floteren. Door de
voorverzuring van gelatine en sucrose in de voorverzuringstank te herstellen verbeterden de
prestatiesvandereactoropnieuw.
Het wetenschappelijke belang van dit onderzoek bestaat uit een aantal interessante
verschijnselen die zijn waargenomen in het EGSB-systeem m.b.t. het gedrag van korrelslib. Deze
verschijnselen zijnmethetoogopdetoepasbaarheid vandergelijke systemenbijhetbehandelenvan
complexere afvalwaters van groot belang, en daarom is nader onderzoek op dit gebied zeer
gewenst.Belangrijke aandachtspuntenvoornaderonderzoekzijn:
a.Deverwijderingsmechanismenbijdebehandelingvanvethoudendafvalwater, metnameadsorptie
processen en de factoren die een rol spelen bij de afbraak van aan het slib gebonden vetten. Uit
verschillende experimenten tijdens dit onderzoek Weekdat eenbelangrijk deelvan de vetten inde
melk/vet emulsie door sorptie processen gebonden wordt in/aan de slibkorrels waardoor ernstige
flotatie vande slibkorrelsoptreedt. Doordat deafgifte vangasuit dekorrelswordt belemmerdkan
flotatie optreden. Tevenskanflotatie onstaandoordatvetdeneigingheeft te drijven opwater.Het
floteren van het korrelslib kan de prestaties van de reactor, en met name de slibretentie, negatief
beinvloeden.
b.Meergegevensoverdehydrolysesnelheid {fa= 0.01d"1)vangedispergeerdevettenindemelk/vet
emulsie zijn nodig, omdat de resultaten suggereren dat de vervloeingsstap van melkvet zeer
langzaamverloopt. Het isdaaromvanbelangte onderzoeken of de hydrolysevanvettenversneld
kan worden, bijvoorbeeld door het verhogen van de temperatuur in een aan het systeem
toegevoegdevergistingsreactorwaarinhetkorrelslibkanherstellen.
c.Voor hetverminderdeCZVverwijderingsrendement vaneenEGSBreactorwanneer dezewordt
gevoed met een mengsel van gelatine, sucrose en melkvet moet eenverklaring worden gevonden.
Hierbij zou extra aandacht besteed moetenworden aan de slechtebiologisch afbreekbaarheid van
hetindereactorgevormdeopgelost CZVenmetnamedeaard van, enderedenvoor, devorming
vandeze stoffen. Het onstaanvandezemoeilijk afbreekbare stoffen isopmerkelijk met het oogop
de goede biologische afbreekbaarheid van de afzonderlijk influent componenten. Bijzonder
interessant isde waargenomen relatiefgemakkelijke omzettingvannietverzuurd opgelost CZVin
colloidaalCZVenomgekeerd.
d. Hoewel het EGSB-systeem zelfs bij een vetconcentratie van 0.260 g CZV/1in staat Weekeen
mengsel van melkvet, gelatine en bier voldoende te zuiveren, bestaan er twijfels over de stabiliteit
van het systeem. Vooral bij hogevetconcentraties kunnen problemen ontstaan, het is daarom van
belang maatregelen te nemen om dit te voorkomen. Tot dusver zijn er weinig kwantitatieve
gegevens hierover beschikbaar. Een mogelijke oplossing is het toepassen van een aparte vergister
naast het EGSB-systeem, waarin het korrelslib de gelegenheid krijgt zich te herstellen. In deze
vergister kunnen de aan/in het korrelslib geadsorbeerde vetten in voldoende mate worden
afgebroken.
e.Dedesintegratievanhet slibwelkeoptreedt wanneer dereactor metverdund bierwordt gevoed,
hetgeen op het eerste gezicht een substraat is dat goed biologisch afbreekbaar is, moet worden
verklaard. Dit geldt tevens voor het onmiddellijke stoppen van deze desintegratie nadat gelatine
wordttoegevoegd aanhetinfluent.
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f. Het nadelige effect van sucroseop deafbraak vangelatineendereden(en)waarom tegelijkertijd
een hogere CZV verwijdering wordt gevonden moet verder worden onderzocht. Deze verbeterde
CZVverwijdering wordt mogelijk veroorzaakt door een sorptie of precipitatie proces, devraag is
waaromenhoe.
g. De oorzaken vankorrelslibflotatie bij debehandeling van synthetisch afvalwater metgelatineen
sucrosealssubstraat verdient nader onderzoek. Er zijn aanwijzingen dat flotatie veroorzaakt wordt
door de vorming van lagen/films van geadsorbeerd substraat (of intermediairen) op het
sliboppervlak. Deze lagen verhinderen waarschijnlijk dat de in het korrelslib geproduceerde gas
gemakkelijk kanontsnappen,metalsgevolginsluitingvangasbellenindekorrels.Naar deaardvan
destoffen welkedezelagen/filmsveroorzakenzounaderonderzoekmoetenwordenverricht.
Een EGSB reactor uitgerust met een goed ontworpen en correct geplaatste trommelzeef
driefasenscheider lijkt aantrekkelijk voor de behandeling van vethoudend afvalwater met
vetconcentraties van 0,05 tot 0,100 g/L, zoals bijvoorbeeld in het afvalwater van diverse
zuivelindustrie3n. Het 'filter' gedeelte van de driefasenscheider moet voldoende open zijn om de
relatiefhogehydraulischebelastingineenEGSBreactortekunnenverwerken.Hoewelerinmiddels
bruikbareinformatieisoverdeafmetingen enhetaantalopeningeninhetfilter isextraonderzoekop
ditgebiednoodzakelijk. Hetgaatdanvooralomheteffect vanfactoren alsdeoppervlaktebelasting,
samenstelling van het afvalwater, toegepaste CZV belasting, temperatuur en het
verwijderingsrendement. Uit dit onderzoek blijkt dat een trommelzeef driefasenscheider een
veelbelovendemanierisomdefloterende slibkorrelsdieontstaanbijdebehandelingvanvethoudend
afvalwater in de EGSB reactor te houden. De zeef kan het best in het onderste gedeelte van
driefasenscheider worden geplaatst zodat bovenin de driefasenscheider eengedeelte overblijft voor
een laag drijvende slibkorrels. Uit onderzoek gedaan door Rinzema el al. is gebleken dat bij de
opstroomsnelheid van6m/h,zoalsdezeoverhetalgemeenwordttoegepastinEGSB-systemen, het
kontakt tussen de slibkorrels en het substraat voldoende is om de afbraak van caprinezuur en
laurierzuur bijhogevolumebelastingen (hoger dan 30 kg CZV/m3.d) mogelijk te maken.Wanneer
dereactormatigwordtbelastmeteenmelk/vetemulsiewordt ondankshetgoedecontacttussenhet
substraat en het slib snel een geadsorbeerde vetlaag rond de slibkorrels gevormd. Deze vetlaag is
vergelijkbaar metdevetlaagdiewerdgevormdtijdenshetonderzoekvanRinzemameteenmengsel
van triglycerides. Uit de resultaten in hoofdstuk 2 blijkt dat melkvet slecht afbreekbaar is onder
EGSB condities. Een groot deel van de vetten wordt verwijderd door adsorptie, terwijl de
hydrolysesnelheid van het colloidale materiaal in de vloeistof fase laag is. Een klein deel van de
gehydrolyseerdevettenwordtomgezetinmethaan,hetresterendedeelisonderEGSBconditiesniet
ofslechtbiologischafbreekbaar. Ditistevenseenonderwerp voor verder onderzoek. Deresultaten
van hoofdstuk 4 laten zien dat vetten voornamelijk door adsorptie (of precipitatie) worden
verwijderd, tot dusver is er te weinig bekend over de afbraaksnelheid van dit geadsorbeerde
materiaal en de factoren die de afbraak remmen. Hoewel de verwijdering van vet in een EGSBsysteem bij concentraties van 0.05 tot 0.100 g/1zonder nadelig effect op de methanogenese kan
plaatsvinden,blijft hetechteronduidelijk ofhethiergaatomeenstabielproces,ditomdatdeafbraak
van de geaccumuleerde vetten niet goed verloopt. De resultaten uit hoofdstuk 3 laten zien dat
eiwitten gemakkelijk gehydrolyseerd kunnen worden, niet geadapteerd slib kan de hydrolyse
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producten echter niet snel omzetten in methaan. Dit komt sterk overeen met de bevindingen in
hoofdtuk 5 waarsucroseengelatinedebelangrijkstebestanddelenvanhetopgelosteCZVvormden,
de afbraak van hiervanverloopt zeer langzaam.Het isvanbelang inzicht te krijgen inde adaptatie
van korrelslib zodat overbelasting van het slibkan worden voorkomen. Met andere woorden hoe
kanslibwordengeadapteerd, hoeveeltijd ishiervoor nodigenhoekanditproceswordenversneld.
Voor bevredigende prestaties van het EGSB-systeem is het, zoals in hoofsdtuk 5 bleek,
noodzakelijk of in ieder geval voordelig om beide substraten (koolhydraat en eiwit) voor te
verzuren. Dehoofdconclusie vanhetonderzoekisdatadsorptieofprecipitatieaanhetkorrelslibhet
belangrijkste mechanisme isvoor devetverwijdering endat deafbraak van devetten, met namede
geadsorbeerde vetten, zeer langzaam verloopt. Afvalwater met een lage vetconcentratie kan
waarschijnlijk gedurendelangeretijd behandeld wordenineenEGSBreactor. Indienechtergebruik
wordt gemaakt van niet geadapteerd slib kan het systeem gemakkelijk overbelast raken. Bij het
behandelen van complexe afvalwater in EGSB reactoren, is met het oog op de slibretentie een
EGSB reactor uitgerust met een trommelzeef driefasenscheider een veelbelovend alternatief. Het
EGSB concept is hierdoor zeker aantrekkelijk voor het op praktijkschaal zuiveren van complex
afvalwater. In het geval van de behandeling van vethoudend afvalwater zal een vergister voor het
herstelvandekorrelslibactiviteit aanhetsysteemmoetenwordentoegevoegd.
Aanbevelingenopbasisvanditonderzoekzijn:
1. Voor het behandelen van vethoudend afvalwater wordt een EGSB-systeem aanbevolen. Indien
ernstigekorrelslibflotatie optreedt zullendefloterende slibkorrelsnaar eentweede, parallelleEGSB
reactor moetenworden gebracht welkezaldienenalssecundair contact proceswaarinhet slibzich
kan herstellen. Deze tweede EGSB reactor wordt bedreven bij een relatief lange hydrausiche
verblijftijd en een optimale temperatuur. Het herstelde slib uit de tweede reactor (d.w.z. na
voldoende degradatie van het geadsorbeerde materiaal) kan, indien nodig met nieuw korrelslib,
wordenteruggevoerd indereactor.Mogelijkwordt devetverwijderingscapaciteit vanhetslibvande
eerstereactor verbeterd alsgevolgvandeingroeivanbacterien inhet slibvan detweede (contact)
reactorwelkebeterinstaatzijnhetvetaftebreken.Dehogerevetzurendievrijkomenbijde afbraak
in de tweede reactor worden waarschijnlijk goed omgezet, vooral wanneer de reactor bij een
optimaletemperatuurwordtbedreven.
2. Om een hoog belast EGSB-systeem stabiel en efficient te kunnen bedrijven met complex
afvalwater bestaandeuiteiwittenenkoolhydratenmoethetafvalwater voldoendezijnvoorverzuurd,
bijv.d.m.v.toepassingvaneenverzuringsreactor.
3. Bij de behandeling van afvalwater met eiwitten en koolhydraten moet voldoende tijd voor de
adaptatie van het slibworden uitgetrokken omdereactor bij eenvoldoende hoge belasting stabiel
(zonderdatdekwaliteitvanhetslibachteruitgaat)tekunnenbedrijven.
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