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Propositions
1. The required amount of atrace nutrient does not reflect its importance
This dissertation

2. Contrary to the conclusions of Zaiat et al. 1997, Zaiat et al. 1996, and Kato 1994, external mass transfer
resistance can normally be neglected inanaerobic biofilms.
This dissertation
Kato, M. T. 1994. The anaerobic treatment of low strength soluble wastewaters. Ph.D. Thesis. Wageningen Agricultural
University. The Netherlands.
Zaiat, M . L G.T. Vieira, and E. Foresti. 1997. Intrinsic kinetic parameters of substrate utilization by immobilized anarobic
sludge. Biotchnol. Hiocng. 53:220-225.
Zaiat, M.. I..G.T. Vieira, and F. Foresti. 1996. Liquid-phase mass transfer in fixed-bed of polyurethane foam matrices containing
immobilized anaerobic sludge. Biolechnol. Techniques. 10:121-126.

3. The statement of Beer de, et al. (1992) that pH effects are more important than internal mass transfer
resistance on the conversion of acetate by methanogenic granules is incorrect because an accurate
description of internal mass transfer phenomena in granular sludge can be obtained without including pH
effects.
"this dissertation
Beer de, D., J.W. Muisman, J.C. van den Heuvel, and S.P.P. Ottengraf. 1992. The effect of pH profiles in methanogenic
aggregates on the kinetics of acetate conversion. Water Res. 26(10):1329-1336.

The conclusion that higher concentrations of formaldehyde can be tolerated when added continuously
(Bhattacharyra and Parkin 1988,and Qu and Bhattacharya 1997) isquite doubtful because according to our
findings formaldehyde irreversible toxicity is independent onthemode of addition (slugor continuous).
This dissertation
Bhattacharya, S. K., and G.F. Frankin. 1988. Fate and effect of methylene chloride and formaldehyde in methane fermentation
systems..!. WPCF. 60:531-536.
Qu, M., and S.K. Bhattacharya. 1997. Toxicity and biodegradation of formaldehyde in anaerobic methanogenic culture.
Biolechnol. Biocng. 55:727-736.

The observed increase of hydrogen in the gas phase (Hickey et al. 1987), and the inhibition of propionate
and butyrate conversion by formaldehyde (Omil et al. 1999), does not imply the selectively inhibition of
hydrogenotrophic methanogens by formaldehyde.
Mickey. R.F.. J. Vanderwielen, M.S.Switzenbaum. 1987. The effects of organic toxicants on methane production and hydrogen
gas levels during the anaerobic digestion of waste activated sludge. Water Res 21:1417-1427.
Omil. F-\, D. Mendez. G. Vidal, R. Mendez, and J.M. Lema. 1999. Biodegradation of formaldehyde under anaerobic conditions.
Fnzyme and Microbial Technol. 24:255-262.

6. The metabolic characterization of anaerobic sludge should become an integral component of toxicity
studies.
This dissertation

7. The analytical and methodological procedure of a piece of research should be design in such a way that at
the end, the results obtained may look like an "X-ray"plaque of the experiment, ready tobe interpreted.
8. The degree of success depends on attention to details. To get back in the laboratory is a necessary
component ofscientific survival.
Ralph S. Wolfe, Pioneer of biochemistry of methanogenesis

9. Knowledge gives true freedom
10. Many people live with, for, andby definitions
11. Love, sport and music are essential nutrients, whether they are needed in micro or macro scale is people
dependent
12. By theprocess of aging, humans should not lose the intrinsic curiosity of childhood
13. The motivation ofyouth should not d i c . b e 18...till you die.
14. If you are going to shoot...shoot, don't talk
From the film: II buono, il bruto e il cattivo.

Propositions belonging to the thesis entitled "Conversion of methanotrophic substrates in anaerobic reactors,
metals, mass transfer, and toxicity"
Graciela Gonzalez-Gil
Wageningen, 30January 2000.

Abstract
Gonzalez-Gil, G. (2000). Conversion of methano gen ic substrates in anaerobic reactors, metals, mass
transfer, andtoxicity. Doctoral Thesis.Wageningen University, TheNetherlands.Pp.157.
The EGSB systems represents an attractive option to extend further the use of anaerobic technology for
wastewater treatment, particularly with respect to waste streams originating from chemical industries.
Frequently chemical waste streams are unbalanced with respect to nutrients and/or micronutrients and
furthermore these streams may contain toxic-biodegradable compounds. To reduce toxicity high recycle ratios
may be applied as in the case of EGSB reactors however, this at the same time may adversely affect the
substrate conversion rates due to mass transport limitations. These aspects were considered inthis research. The
main objectives of the work described in the thesis were to assess the kinetic impact of (i) nickel and cobalt
limitations on the methanogenic degradation of methanol, (ii) the relative importance of mass transport
phenomena in methanogenic granular sludge, and (iii) to characterize the toxicity and biodegradation of
formaldehyde in the anaerobic conversion of methanotrophic substrates. Particularly in the case of anaerobic
systems, the ubiquitous presence of sulfides resulting from sulfate reduction and organic matter mineralization
will lead to strong metal precipitation as metal sulfides. These precipitated metals are not directly available for
thebiomass. It is shown here that precipitation-dissolution kinetics of metal sulfides may play a key role in the
bioavailability of essential metals. We furthermore showed that nutrient limitations can be overcome if the
essential metals are added continuously at a proper rate so that their availability in solution can fulfill the
requirement for biomass activity and growth. The metal dosing rates utilized range from 0.05 to 0.2 umol/h
corresponding to metal to methanol ratios of 0.1-0.4 (|imol/g methanol-COD) and these values agree well with
the calculated metal requirements based on the biomass yield and Ni and Co content of methylotrophic
methanogens (Methanosarcina sp.)grown onmethanol. With respect tomasstransport phenomena, it was found
that at liquid upflow velocities exceeding 1m/h liquid-film (external) mass transfer limitations normally can be
neglected for acetate degrading methanogenic granular sludge.On the contrary, a clear increase in apparent Revalue was found at increasing mean granule diameters. Herewith we have clearly shown that anaerobic biofilms
can be internally transport limited. In addition we also demonstrated that substrate transport in the biofilm can
be described by diffusion, and that there was no evidence of convective flow due to biogas production in the
anaerobic granules. Regarding formaldehyde conversion and toxicity, we demonstrated that methanogenesis
from formaldehyde mainly occurred after intermediate formation of methanol and formate. Furthermore it was
shown that the characteristics of formaldehyde toxicity were independent of the methanotrophic substrate used
(methanol or acetate). Formaldehyde toxicity was in part reversible since once the formaldehyde concentration
was extremely low or virtually removed from the system, the methane production rate was partially recovered.
Since the degree of this recovery was not complete, we conclude that formaldehyde toxicity was also
irreversible. The irreversible toxicity likely can be attributed to biomass formaldehyde-related decay.
Independent of the mode of formaldehyde addition (slug or continuous), a certain amount of formaldehyde
irrevocably reduced the methane production rate to a certain extent, hence the irreversible toxicity was
dependent on the total amount of formaldehyde added to the system. This finding suggest that in order to treat
formaldehyde containing waste streams a balance between formaldehyde-related decay and biomass growth
should be attained. We furthermore showed that the biomass diversity may play a key role in the outcome of
toxicity tests. Therefore we recommend that metabolic characterization of methanogenic sludge should be an
integral component oftoxicity studies and we describe anewly developed methodology that canbe used for that
purpose.
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Chapter1

Introduction
Anaerobic wastewater treatment may represent the core method for a sustainable
environmental protection and resource conservation technology. The concept of anaerobic
wastewater treatment only has been implemented at wide scale since the early eighties using
the high-rate anaerobic reactors developed in the seventies. Presently more than 1700
anaerobicreactorsareinoperationworldwide,treatingawidevarietyofwaste streams[7].
Advances of anaerobic technology
Compared to conventional aerobic processes, the present high-rate anaerobic technology
offers the following advantages: (i) About 10 times higher organic loading rates can be
applied with good removal efficiencies even at low temperatures [55, 74], (ii) investment,
pumping and energy-associated operating costs are substantially reduced [36, 89],(iii) waste
isconvertedtoanuseful fuel, methane (CH4),which inmanycasescanbefurther used in-situ
[100], (iv) low production of well stabilized excess biological solids [53] and (v) anaerobic
sludge can be stored unfed for long periods of time while conserving reasonably good
metabolic capacity [101].
Breakthrough for implementation
The key for the successful implementation of anaerobic wastewater treatment was the
successful development of high-rate reactors. High-rate reactors are characterized by their
capacity to uncouple solid and liquid retention times, resulting in high concentrations of
biomass. The high biomass concentrations are accomplished either by means of bacterial
immobilization on an inert carrier as applied in fluidized bed (FB) and fixed film (FF)
reactors, or by self-immobilization of biomass in the form of granules in upflow anaerobic
andexpanded granular sludgebedreactors(UASBandEGSB,respectively).
Generally, anaerobic systems are operated at mesophilic temperatures and they are applied
for the treatment of high, medium and low strength, noncomplex waste streams like those
from the agroand food industries.Duetoitsrelativelyplainconstruction, easyoperation, and
maintenance,theUASBreactor developedbyLettinga etal. [56]presently isthemostwidely
applied.About 61% oftheanaerobicreactors areoftheUASB-type[7].
How high rate anaerobic reactors work
IntheUASB andEGSB systems,thewastewaterispumped from thebottom intothe reactor.
Whilethe wastewater movesupwards,the organic contaminants areremoved from the water
inthe anaerobic sludge bed (Figure 1.1). The sludgebed in EGSB-systems and frequently in
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UASBreactors aswell,iscomposed ofahigh concentration ofgranules ofdiameters ranging
from 0.1to5mm(Figure 1.1a) [82].
Ananaerobic granule(Figure 1.1b)isamethanogenic ecosystem consistingmainlyofseveral
groups of self-immobilized bacteria (Figure 1.1c). Although it is still not well understood
how granular sludge is formed [82], it is clear that the substrate(s) present in the influent
wastestreamprimarilydetermines thedominantbacterial composition ofthegranules[23].
Thebacteria inthe granulespurify thewastewaterby converting the organicpollutants intoa
mixture of methane (CH4) and carbon dioxide (CO2). The conversion process is
accomplished via a complex metabolic network. The product from a reaction carried out by
one group of bacteria serves as substrate for the subsequent microbial group (Figure 1.1).
When the different groups work in a concerted action, a balance is established between the
rates of formation and consumption of intermediates, so that there is no accumulation of the
intermediates [80,81,91]andveryhighconversionratescanbe accomplished.
Insummary (see Figure 1.1), polymers likepolysacharides,proteins,nucleic acids,and lipids
are hydrolized to monomers like sugars, amino acids, purines pyrimidines, fatty acids, and
glycerol by primary fermenting bacteria. These bacteria further ferment the resulting
monomers to acetate, carbon dioxide, hydrogen and reduced products like alcohols, lactate,
and volatile fatty acids. For the degradation of the fermentation products like fatty acids
longerthantwocarbonatoms,alcohols longerthan onecarbon atom, andbranched chainand
aromatic fatty acids, the secondary-fermenting bacteria or obligate hydrogen-producing
acetogenic bacteria are needed. These secondary-fermenters convert their substrates to
acetate, carbon dioxide, hydrogen, and perhaps formate, which are subsequently used by
methanogenic archaea. Methanogenic archaea are specialized in the conversion of a limited
number of substrates [103]. They can only use acetate, CO2+H2, formate and/or other one
carbon compounds suchasmethanol,methylthiols andmethylamines[8].
The advances achieved inthe knowledge of the biochemistry and microbiology of anaerobic
microorganisms have supported the improved engineering of anaerobic treatment systems.
Further fundamental knowledge of the process, as well as new reactor designs and/or
improvements should contribute to the implementation of anaerobic technology to the
treatment ofmorecomplexwastewaters.
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Figure 1.1
Carbon flow to methane and
carbon dioxide in EGSB/UASB reactors.
Bacterial groups involved:
1. Primary
fermentive
bacteria.
2.
Secondary
fermentative H2-producing
('syntrophic')
bacteria. 3. Homoacetogenic bacteria. 4.
Acetotrophic methanogens 5. // 2 and formateoxidizing methanogens. /29, 69/. Photos: (a)
Granular sludge takenfrom the sludge bed oj
a full scale EGSB reactor, (b) Crosssectioned granule, (c) Scanning electron
micrograph of the same granule showing the
diverse bacterial morphology.
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Feasibility of anaerobic treatment for waste streams from the chemical
industry
Theintroduction ofanaerobicprocesses for thetreatment of complex wastewaters originating
from the chemical industries was seriously hampered by the a priori conclusion that
anaerobic bacteria were more susceptible to toxic compounds than aerobic microorganisms
[89], and that many industrial chemicals were poorly biodegradable under anaerobic
conditions. Recently, however, it hasbeen shown that most compounds arebiodegradable in
anaerobic environments [11, 13, 32, 33, 48, 50, 57, 76, 84], and that the susceptibility to
toxicity of methanogenic bacteria is highly comparable to that of aerobic heterotrophs [9].
These findings haveresulted inan increased interest inanaerobic treatment ofwaste streams
from thechemical industries [20,34,51].
LimitationsoftheconventionalUASB-system
Particularly for the treatment of effluents from the chemical industries, the process
characteristics of UASB systems may be insufficient for a wider application of anaerobic
technology. This applies particularly for the applicable maximum liquid upflow velocities
(Vup)whichareintherangeof0.5to2m/hforUASBreactors[54, 69].
Due to the configuration of the UASB-system higher values for Vup frequently can not be
appliedwithout considerablebiomass lossanddecrease oftheremoval efficiencies.
Theorganic concentration ofsome industrial wastes is sohigh (e.g.molasses, wine-distillery,
yeast), that process instability may occur due to accumulation of volatile fatty acids (VFA)
[10, 102]. In this case, ultra-high loading rates can be applied when high recycle rates are
usedwhich obviously result inhigher Vup values.This effect is onlytrue ifplug-flow pattern
isassumed inthereactor.
High Vup values are also needed in order to make possible the treatment of toxicbiodegradable compounds found in many chemical waste streams. High recycle rates may
also decrease the sensitivity of the process to the presence of non-degradable toxic
components. Additionally, in industries like alcoholic and soft drink bottling, fruit and
vegetable canneries, malting and brewing [43,44, 49],the organic pollution may be so low
that the natural mixing of the system as a result of gas production becomes limited. In this
case, higher Vup values are required to increase the mixing and enhancing the contact
betweenthewastewaterandthe sludgetoimprovethecapacityoftheprocess.
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TheEGSB-system asasolutionforchemicalanddilutewastestreams
The above mentioned limitations of the UASB-system could be overcome by the FB-system
[40, 61]. Fluidized bed reactors are considered ultra-high rate processes mainly because of
thesupposedhighholdupofviablebiomasswhich isbelievedtoresultfromthehigh specific
surface area of the carrier material for biomass attachment. Contaminated water is passed
upward at a velocity sufficiently high to expand or fluidize the bed particles. The required
Vup velocities are mainly achieved by recirculation. Due to the high concentration of the
biomass-carrier particles, very high biomass concentrations ranging from 10 to 40 Kg
VSS/m3 can be retained in the reactor [61] despite the imposed high Vup. It has been
mentionedthatloadingratesashigh as315KgCOD/m3.dwith79%removal efficiencies can
beachieved withfluidized bed systems[41].
Based on theoretical considerations [75], the process characteristics of FB-systems, would
permit (i) ultra-high loading rates with high removal efficiencies, (ii) homogeneous
distribution of biomass and substrate preventing dead zones, thus allowing the treatment of
dilutewastewaters [39],while (iii) athighrecycle rates,itwould alsobepossible totreat the
complexwastewatersfromchemicalindustries.
Althoughtheultra-high loadedFBconcept isavailable for anumberofyears,thistechnology
so far, had very limited success. The reasons for this range from the relatively high
investment, operational andmaintenance coststothecomplexity ofoperation[26].
Thephenomenonofgranuleformation andmaintenance inUASBreactorshasbeen exploited
to extend further the application of anaerobic technology. By introducing effluent
recirculation and applying an improved gas-solid separator [54],the UASB system hasbeen
modified resulting in the development of the ultra-high rate EGSB reactor. As a matter of
fact, installed full-scale FBplantshavebeenmodified intoEGSBreactors.Ultrahigh loading
rates are achieved using granular biomass and therefore no carrier material is required for
operation [104]. EGSB systems aretall and slender reactors with arelatively small footprint,
and they generally can accommodate very high volumetric loading rates. Compared to FB
reactors, EGSB reactors are operated at lower upflow velocities to expand (and not to
fluidize) thegranular sludgebed.Thisoperational variation isduetothedifference indensity
between the carrier material (2 to 3 Kg/dm3 [41]) in FB, and granular sludge (1.05 to 1.1
Kg/dm3 [71]). As a result, the energy requirements are low and biofilm damage due to
abrasion characteristic oftheFBaregreatly overcome. Since EGSB systemscanaccepthigh
liquidupflow velocities,high recirculation rates canbe applied. Thisprovides dilution ofthe
influent wastewater, which makes the system very attractive for the treatment of industrial
streamswithtoxicbiodegradable compounds [104].
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SpecificfactorsforthetreatmentofchemicalwastesinEGSBsystems
Frequently, wastes originating from chemical industries are unbalanced with respect to
nutrients and/or micronutrients. Furthermore, these industrial effluents may contain toxic
biodegradable compounds and EGSB systems may represent an attractive option for their
treatment as described above. However, since high recycle ratios are applied to reduce
toxicity, this at the same time may adversely affect substrate conversion rates due to mass
transport limitations.
The aspects of the anaerobic treatment of chemical wastes were the specific subjects of the
workdescribed inthisthesis,andwillbe addressed indetailedbelow.

Tracemetals
An important factor to consider for the anaerobic treatment of waste streams from chemical
industriesisthat (contrarytothe food and agroindustrywastewaters),often theyare deficient
inmacronutrients,aswell asintrace metals.This isof importance since methanogens highly
depend on the presence and availability of elements like iron, cobalt, nickel, molybdenum
and/ortungsten.
In general, anaerobic processes exhibit a more varied requirement for trace metals than
aerobic systems. The reason lies on the metal composition of the enzyme complexes that
catalyzemanyoftheanaerobic reactions.Figures 1.2 and 1.3 show simplified representations
ofthemetabolic pathwaysofmethanogenesis from methanol andacetaterespectively.
The hypothetical metabolic pathways as well as the enzymology of methanogenesis from
different substrateshavebeenpresented indetail [8, 12, 19,73,95,96].Important tonoticeis
that, independent on the methanogenic substrate, all of the pathways have in common the
reduction of methyl-coenzyme M to methane. An enzyme complex catalyzes this reaction,
themethyl-coenzyme Mreductase,whichcontainsastheactive siteoftheenzyme,a cofactor
namedF430. F430isayellownickel-containing compound[22].
Another fact that illustrates the importance of trace metals in anaerobic systems is that most
of the methane produced in nature originates from acetate where the key enzyme complex
involved in the degradation is the carbon monoxide dehydrogenase (CODH). CODH is a
metallo-enzyme [52,58]that cleaves acetate asthe activated form (i.e.acetyl CoA) intoCO,
CoA, and a methyl group. The same enzyme complex further transforms CO into CO2and
transfers the methyl group to coenzyme M. CODH contains two metal enzyme components:
(i)thenickel/iron-sulfur (Ni/Fe-S),and (ii)thecorrinoid/iron-sulfur (Co/Fe-S).
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Themetals involved inthemethanogenesisfrommethanol and acetate are depicted inFigure
1.2 and Figure 1.3, respectively. The names and the metal composition of the enzymes are
indicated aswell.
Previous research indicates that metal deficiencies can limit the performance of anaerobic
digestion. Particularly the benefits of micronutrient supplements for the methanization of
industrial wastewaters have been recognized [90, 93].However the reported concentrations
oftracemetals for optimal anaerobic treatment vary by several orders ofmagnitude [93] and
extrapolation from research done so far becomes impossible as the available information is
rather unclear in relation to kinetic data and "optimum" metal concentrations. This is
illustrated by the fact that for similar batch systems reported in literature, metal (Ni or Co)
dosagecanvary from nodosage todosage of40 uM [60,85,86, 88].Itshouldbe noted that
most of the information about metal deficiencies and enhancements reported in literature is
fortuitous [87] since metal deficiencies were not the main subject of these studies. Only few
papershavedirectlyaddressedthetopic [18,21].
Particularly in the case of anaerobic systems, the ubiquitous presence of sulfides resulting
from sulfate reduction and organic matter mineralization will lead to strong metal
precipitation asmetalsulfides. Precipitated metalsarenotdirectlyavailable forbiomass.
The rational supply of trace metals during the treatment of waste streams is of paramount
importance for several reasons. It is clear that the addition of trace metals may stimulate
methanogenesis, however, at higher concentrations, heavy metals may form unspecific
complex compounds in the cell [62]. This could lead to toxic effects that inhibit
methanogenesis. Methanogenesis from acetate was found tobe stimulated by the addition of
2 \)M of Ni, Co, and Mo, but inhibition occurred at concentrations higher than 5 uM [18].
Overdose of metals not only may cause inhibition but may also lead to strong metal
precipitation assulfides. Anaerobic sludgewith high metal contents isconsidered achemical
waste. The costs associated with trace metal dosage and the treatment of sludge with high
metal contents may contribute significantly to the operational costs of anaerobic reactors. In
an ideal situation, the rates of metal supply and biomass uptake for metabolic processes
shouldbecomparable.
Methanol is an important component of several chemical waste streams [21] and is used
frequentlyas co-substrate for the co-metabolic removal of a variety of compounds [14,65].
The kinetics of methanol conversion under different Ni and Co doses conditions are
addressed inChapter2.
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Figure 1.2
Schematic representationof the theoretical pathway of direct methanogenesis from
methanol. This conversion isconductedbyMethanosarcina typebacteria showninthescanning electron
microphotograph. Constitutivesulfurandmetals oftheenzymes areindicatedintherespective metabolic
steps. MF Methanofuran, H4MPT tetrahydromethanopterin, HS-CoM coenzyme M (2-mercaptoethanesulfonate), HS-HTP 7-mercaptoheptanoylthreonine phosphate, CoM-S-S-HTP hetherodisulflde of
HS-CoM and HS-HTP.The enzymes involvedare: (1) 5-hydroxybenzimidazolyl methyltransferase and
Methylcobalamin:HS-CoM methyltransferase. (2) Methyl-H4MPT:HS-CoM methyltransferase. (3)
Methylene-H4MPT reductase. (4) 3 Methylene-H4MPT dehydrogenase. (5) 3 Methenyl-H4MPT
cyclohydrolase. (6)Formyl-MF:H4MPTtransferase. (7)Formylmethanofuran dehydrogenase. (8) MethylCoMreductase, containing theF43o (anickelporphinoid)as cofactor. (9)Hetherodisulflde reductase.
F42oisacoenzyme.
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Acetate
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Figure 1.3
Schematicrepresentation of the hypotheticalpathway of methanogenesisfrom acetate.
Only the genera Methanosarcinaand Methanosaeta are capable of catalyzing this conversion. A
Methanosaeta colonyisshowninthescanningelectron microphotograph. Constitutive sulfurandmetals
of the enzymes are indicatedin the respectivemetabolicsteps. CH3COO-S-C0A Acetyl coenzymeA,
H4MPT tetrahydromethanopterin, HS-CoM coenzyme M (2-mercapto-ethanesulfonate), HS-HTP 7mercaptoheptanoylthreonine phosphate, CoM-S-S-HTP hetherodisulfide of HS-CoM and HS-HTP. The
enzymes involvedare:(7)Acetate kinase andphosphotransacetylase (inMethanosarcina) oracethyl CoA
synthetase(inMethanosaeta). (2)COdehydrogenase. (J) Methyl-H4MPT:HS-CoMmethyltransferase. (4)
Methyl-CoMreductase. (5)Hetherodisulfidereductase.
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Masstransfer
Low substrate concentrations must be maintained in well-mixed reactors with low effluent
concentrations. These conditions mayprevail in EGSB systems due to the high recirculation
rates applied. At low substrate concentrations, thick biofilms may give rise to mass transfer
limitations,resultinginanoverall limitation ofreactor capacity.
Theimpact of diffusion and mass transfer resistance on substrate utilization hasbeen studied
extensively in aerobic systems where clearly oxygen can be externally and internally mass
transport limited due to its poor solubility in water [27, 99].However, in case of anaerobic
systemscontroversies existwithrespectto(i)underwhich conditionsmasstransfer maylimit
the overall treatment capacity, (ii) whether increased liquid upflow velocities (Vup) enhance
mass transport in granular sludge,and to (iii)therelative importance of external and internal
masstransport limitations inanaerobic granularbiomass.
Due to the conditions prevailing in EGSB systems, mass transfer phenomena may play an
importantrole.Thistopic isaddressed inmoredetail inChapter3.

Toxicity
The EGSB technology likely will enable the treatment of complex and toxic wastewaters
such as those from the chemical industry. The success of the treatment process will highly
depend on the knowledge of the characteristics and the mechanism of toxicity and/or
biodegradability ofthetoxic compound involved. This knowledge will lead tomore efficient
design,controlandmonitoringstrategies.
Inanaerobic systems,toxicity isreflected inadecrease onthe methane production rate anda
concomitant decrease inthetreatment efficiency. Thetoxicity of acompound is related to its
physical/chemical properties, and the conditions prevailing in the reactor system. All these
factors will determine the availability and reactivity of the toxic compound with the target
biomass.
Before the treatment system is implemented, the following needs to be known: (i) if
methanogenesis can recover during or after exposure of the toxic compound(s), and (ii)
whether ornotthetoxiccompound(s) canbemineralized.
InChapters4and 5,thecharacteristics oftoxicityandbiodegradability offormaldehyde were
investigated. The specific procedures usedcan alsobe applied for the assessment ofthetoxic
effects ofothercompoundsthatmaybepresent inindustrialwastestreams.
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Formaldehydeproduction anduses
Formaldehyde, HCHO, is commercially available in aqueous solution containing 37%
formaldehyde or as paraformaldehyde, a solid polymer, that contains 91 to 99%
formaldehyde. Formaldehyde is an important industrial and research chemical. With an
annual production of 3.8 million tons in 1995, it is ranked among the top 25 chemicals
produced in the world (Chemical and Engineering news, 1996). The main use of
formaldehyde is in the chemical production of urea and phenolic resins. About 80% of the
slow-release fertilizer market is based on urea-formaldehyde containing products.
Formaldehyde is also used in theproduction of acetal resins and permanent-press finishes of
cellulosic fabrics [24].It is furthermore used as a chemical intermediary to make explosives
andcosmetics.Furthermore,formaldehyde isawidelyused disinfectant.

Interactions betweenformaldehydeandmicroorganisms
The role of formaldehyde in eubacteria, fungi, and yeast. Despite its toxicity,
formaldehyde is an intermediate in the metabolic pathways of many methylotrophic
microorganisms that grow on single-carbon compounds as sole carbon or energy source.
Formaldehydecaneitherbeassimilated viaoneormorepathways into centralmetabolites,or
oxidized further to carbon dioxide generating energy in the form of NADH2. Formaldehyde
oxidization is performed either by sequential action of formaldehyde dehydrogenase and
formate dehydrogenase [45],or byusing a cyclic pathwaybased on enzymes of the ribulose
monophosphate cycle [37, 64].
When the cellular formaldehyde concentration is increased and it can not be anymore
metabolized efficiently byinclusion inthemetabolicpathways,itbecomes inhibitory.
In view of that, Battat et al. [5] showed that to avoid inhibition on the growth of
Pseudomonas Conamixture ofmethanol and formaldehyde, the formaldehyde concentration
inachemostat shouldbekeptaslowas2mg/1.
Inbatch growth ofPseudomonasputida ataninitial formaldehyde concentration of250mg/1,
exponential death was observed dueto formaldehyde toxicity. However following this event,
exponential growth was found to occur. Formaldehyde was transformed simultaneously in
equimolar basis into methanol and formic acid. This transformation was attributed to a
constitutively produced formaldehyde dismutase enzyme. Furthermore it was stated that the
production ofthisenzymewasenhancedbythepresence offormaldehyde [1].
Formaldehyde was also found inhibitory at 200 mg/1 to fodder yeast when cultivated in
chemostats.Atthisconcentration thebiomassyielddecreasedbutthe synthesis ofprotein and
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RNAwere stimulated [46].Itwas found that some soil fungi can assimilate formaldehyde at
formaldehyde concentrations as high as 1000 and 2000 mg/1 [78]. The surprisingly high
resistance of these fungi to such formaldehyde concentrations was attributed to very high
formaldehyde dehydrogenase activities.
Evennon-methylotrophicorganisms were found tocontain enzymeactivityfor formaldehyde
oxidation. Addition of 2000mg/1of formaldehyde inhibited growth of a non-methylotrophic
yeast in a chemostat with glucose as carbon source. Yeast growth occurred only after the
formaldehyde concentration had dropped below 30 to 40 mg/1. Formaldehyde was oxidized
by formaldehyde dehydrogenase and formate dehydrogenase, a process indicated as
detoxification byoxidation[45].
The resistance of some microorganisms to formaldehyde has been attributed to the presence
of formaldehyde dehydrogenases. Formaldehyde dehydrogenase activityprevails irrespective
of whether the bacteria were grown in the presence or absence of formaldehyde [4,47,78].
Formaldehyde dehydrogenase systems and mechanisms regulating their activity have been
described for different microorganisms [2, 15,30,38,92,94].Amainrole ofsuch systemsis
toprevent the accumulation of formaldehyde within the cell.Thisrole isextremely important
in methylotrophic and methanotrophic bacteria since the formation of formaldehyde is an
integral step in the growth of these organisms [3, 31]. Without having the ability to remove
anyfree formaldehyde, celldeathwouldreadilyoccur.
The role of formaldehyde in methanogens. HS-CoM (coenzyme M) and formaldehyde
react chemically inwater to form HOCH2-S-CoM(i.e.2-(hydroxymethylthio) ethanosulfonic
acid). When this compound was added to cell extracts of Methanobacterium
thermoautotrophicum, methane was formed atrates comparable with the rate of CH3-S-C0M
reduction. Thereduction of directly added formaldehyde toCH4required HS-CoM. Maximal
rates of methanogenesis were observed at a ratio of formaldehyde to HS-CoM of 1. When
formaldehyde wasinexcesstoHS-CoM,formaldehyde becameinhibitory tothe system.Any
free HS-CoM and formaldehyde were only observed incase oneof these components was in
excessovertheother[77].
Formaldehyde can also react chemically with H4MPT to form CH2=H4MPT, methyleneH4MPT [16, 17].In this way, cell suspensions of methanogens can catalyze the reduction of
formaldehyde via methylene-H4MPT to CH4. When methanogenesis was inhibited by 2bromoethanesulfonate, formaldehyde was oxidized to CO2 and 2H2 by cell suspensions of
Methanosarcina barken [42],
The possible reactions of formaldehyde with components of the methanogenic route are
presented inFigure 1.4.
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CO,

HCHO+H,MPT

•> Methylene-H4MPT

t

Methyl-H4MPT

t

2e+2H+

HCHO+HS-CoM

• HOCH2-S-CoM

^

-^ •

Methyl-S-CoM

HS-CoM+HS-HTP
CoM-S-S-HTP

CH4
Figure 1.4
Reactions offormaldehydewith componentsofthemethanogenic route. HOCH2S-CoM2-(hydroxymethylthio) ethanesulphonate. Otherabbreviations used are defined inthe
legendofFigure1.2. ThedashedarrowindicatesseveralreactionsalreadydescribedinFigure
1.2. FormaldehydereactionswithH4MPTandHS-CoMarechemicalreactions.

Cell-free extracts of Methanobacterium thermoautotrophicum oxidize formaldehyde to
generate reducing equivalents for the reduction of formaldehyde to CH4 (disproportionation
events).Intheseconditions aCH4/HCHOratioof 1/2.9 wasobserved. Theoxidation of2mol
offormaldehyde sufficed for the generation oftheneeded reducing power for the conversion
of 1 molofformaldehyde toCH4.Theproposedreactions arethe following:
AG0'
kJ/mol
2HCHO+2H 2 0 ->2HCOO" +2H 2 +2H +
HCHO+H 2 ->CrI 3 OH
CH3OH+H 2 - > C H 4 + H 2 0
Total

3HCHO+H 2 0 ->CH4 +2HCOO" +2H"1

2(-23.4)
-44.8
-112.5
-204.1
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Although the experimental results suggest the production of formate, free formate was not
detected after completion ofthereaction, indicatingpossibly abound formyl moiety [16].
In similar experiments with cell-free extracts of the methanogens Methanococcus voltaeand
Methanococcusjannaschii aCH4/HCHO of 1/2.01and 1/2.05was observed, respectively. In
thiscase,the following reactionswereproposed [16].

AG°'
kJ/mol
HCHO+H 2 0 - > H C O O " + H 2 + H +
HCOO"+H 2 0 -> HCO3"+H +
HCHO+H 2 ->CH3OH
CH3OH+H 2 - > C H 4 + H 2 0
Total

2HCHO+H 2 0 - > C H 4 + H C 0 3 " - l - H +

" 23 - 4
L3

-44.8
-112.5
A19A

Inthe aboveenzymatic studies,formaldehyde hasbeenused asasubstrate (inbound form) to
assess if it is capable of donating the Ci unit to the methanogenic pathway. Excess
formaldehyde andtherefore free-formaldehyde wasnotusedbecauseunder suchconditions it
mayinhibittheenzymes involved.
With respecttothequestionwhether formaldehyde canbeused ascarbon and energy source,
Schink [79] reported that formaldehyde can be used as a growth substrate for
homoacetogenic bacteria. However, extreme care has to be taken to avoid severe bacterial
decay due to the toxic effect of formaldehyde [79].In enrichment cultures with 30 mg/1of
formaldehyde, methanogenic bacteria were selected together withAcetobacterium-like cells,
and acetate and methane were formed asproducts. These cultures could never be maintained
(Schink unpublished), indicating that the survival of a population growing on a rather toxic
substance is difficult, if possible at all. These studies clearly demonstrate the challenge to
apply anaerobic treatment for wastewaters from the chemical industries because the
formaldehyde concentration can be considerably higher here than those used for metabolic
studies.
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Formaldehydeinwastestreamsandfeasibilityofanaerobic treatment
Process wastewaters derived from the production of urea-formaldehyde resins, dimethyl
therephtalate (DMT), and the formaldehyde production itself may contain formaldehyde
concentrations ranging from 1to 10g/1 [59, 83, 104].But even at concentrations as low as5
mg/1,formaldehyde already ishighly toxic to many organisms. Compared tophenol, another
commonly used disinfectant, formaldehyde toxicity for most of the organisms tested is more
severe [25, 97].
Since formaldehyde isamutagenic and carcinogenic agent [28],direct discharge of chemical
effluents containing formaldehyde threatens life in the receiving water, and imply the need
for efficient treatment systems. Anaerobic treatment could represent an attractive option,
however the implementation of anaerobic systems for the treatment of waste streams of the
chemical industry has been hampered mainly by a lack of understanding of the response of
anaerobic systems to this toxic compound. So far, there is no information about the
mechanisms of formaldehyde toxicity, but in literature some information is available about
formaldehyde toxicity in batch and continuous systems, which is summarized in Table 1.1
andTable 1.2,respectively.
The available information in literature is difficult to interpret and extrapolate, and yet
insufficient for rational design purposes. Furthermore, most of the research has been
performed with acetate enriched cultures so that the impact of formaldehyde conversion
capacity ofotherbacterial trophic groupsremainsunclear.
It is obvious that there is an urgent need to improve the fundamental insight in this matter
becauseotherwise theapplication ofanaerobicwastewatertreatment processto formaldehyde
containing effluents remains extremely risky. Moreover also the design and mode of
operation ofanaerobictreatment systemswouldremainamatter oftrialanderror.
Apart from the toxicity aspects in the particular case of formaldehyde containing
wastewaters, there also exists amore general need for a better understanding of the kinetics
and metabolic characteristics of immobilized anaerobic consortia such aspresent in granular
typesofsludge.
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Formaldehyde toxicity studies in anaerobic batch systems at 35°C unless stated otherwise.

Inoculum

Main

Tested

*

substrate

HCHO

IC50
mg/1

mg/1
anaerobic digested sludge

10-100

Additional information

Reference

Recovery observed for all doses except for

[35]

100mg/1
acetate enriched methanogenic sludge

acetate

[67]

- 0.3 gVSS/1
Threshold dose <100 mg/1

domestic watewater

1-10000

200

22°C

[70]

No acclimatization
granular sludge from a UASB

254

sucrose

treating petrochemical wastewater
methanogenic sludge treating water

VFA

50-200

125

from seeafood processess

acetateenrichedmethanogenicsludge

1 gVSS/1

[98]

30°C
1-1.5 gVSS/1

[63]

Temperature not indicated

acetate

activatedsludgefromaplanttreating glucose
woodprocessignindustrywastewater,
plus
anaerobicdigestersludge
' IC50refersto50%inhibitionconcentration

100

0.99gVSS/1
HCHOremovedin200h

60

0.36gVSS/1
HCHOremovedin 100h

2-400

300

90%ofHCHOremoved,butat3000only
14%

[72]

[59]
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Table 1.2
System

Formaldehyde toxicity studies in continuous systems at 35"C unless stated otherwise

Biomass

Main

SRT*

Influent

%

Threshold

substrate

d

HCHO

Rem.

Dose

mg/1
Continuous
mixed

anaerobic

acetate

with SP*

digestor

methanol

Continuous

sludge

Additional information

Reference

[83]

mg/1

>200

375

95-98

7 gVSS/1

10-18

125

85-88

2.2 gVSS/1

mixed
without
SP 4
Anaerobic

acetate

400

Maximum tolerable

[67]

[66]

filter
Continuous

acetate

mixed

enriched

Chemostat

acetate

acetate

50

400

Maximum tolerable

acetate

14

1110

HCHO degradation of

[72]

74mg/l.d.

enriched

No acclimatization
observed.
Semi-

acetate

continuous

enriched

acetate

15

45

<50 as slug

[68]

0-50 as
continuous
25

200

50

>400

Maximum tolerable
values.
<50 as slug

30°C
Acclimatization is

186 as

suggested.

continuous
Chemostat

acetate

40

enriched

Semi-

acetate

continuous

enriched

mixed
reactor
# refers to sludge retention time
& refers to support biomass particles

Slug
51

50

[6]
No effect

128

System failed

Slug

Days to recover

100

15

500

35

[67]
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Reliable, plain and straightforward approaches should be used for the assessment of the
kinetic properties and metabolic characteristics of the sludge. For this purpose, a novel
approach was developed to study methanogenic systems (Chapter 6). This approach was
applied intheresearchpresented inthisthesis.
If we consider that the complexity of anaerobic digestion still hampers a clear mathematical
interpretation of the process, it becomes clear that a better understanding of the kinetic and
metabolic properties of sludge is of eminent importance for rational design and performance
monitoring of anaerobic reactors. The work presented in this thesis focuses on the kinetics
and metabolic properties of anaerobic sludge under specific process conditions that may be
found in the treatment of waste streams from the chemical industries, basically the lack of
micronutrients andtoxicity.

Scopeofthisthesis
Chapter 2 deals with studies concerning Ni and Co limitations to methanogenesis from
methanol. Methanol was chosen because (i) it is one of the main components in several
industrial waste streams, and (ii) its conversion is mediated by microorganisms which have
specialtraceelementrequirements.
Chapter 3 addresses the impact of diffusion and mass transfer resistance on substrate
utilization by granular sludge. Mass transfer limitations are particularly important at low
substrate concentrations, which need to be maintained in well-mixed reactors in order to
achieve very low effluent concentrations, such as in EGSB reactors. The EGSB reactor is
currentlypreferred for thetreatment ofwastestreamsfrom thechemical industry.
Chapter 4 and 5 deals with toxicity studies concerning the effect of formaldehyde to
methylotrophic and acetoclastic methanogenesis. Formaldehyde is found in several waste
streams not only as wastewater constituent, but also as added contaminant when
formaldehyde isusedasprocess disinfectant.
Chapter 6 describes a novel approach for the study of methanogenic systems. The
methodology described inthat chapter was used throughout the research of this thesis. Case
studiesandfurther potentials ofthemethodologyare presented.
The general discussion of the results with conclusions and recommendations is presented in
chapter7.
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Top picture. Scanning electron
image of a cross-sectioned granule.
The darker zones indicate zones with
higher contents of biomass.
Bottom picture. Energy disperse 'X'
ray analysis (EDXA) of the same
granule. The light zones indicate the
distribution of iron precipitates.

Methanogenic biomass is highly
dependent ontrace elements like iron
nickel and cobalt. In anaerobic
environments due to the ubiquitous
presence of sulfide, strong metal
precipitation may occur. Precipitated
metals are not directly available for
biomass metabolism. Insights in the
processes
involved
in
the
bioavailability of trace metals may
help to optimize metal addition for
anaerobic treatment.

2
Effects ofNickelandCobaltontheKineticsof
MethanolConversion byMethanogenic Sludge
asAssessed byOn-Line CH4 Monitoring

When essential trace metals were added in a pulse mode to methylotrophic-methanogenic
biomass,three methane production rate phases were recognized. Increased concentrations of
Ni and Co accelerated the initial exponential and final arithmetic increase in the methane
production rate and reduced the temporary decrease inthe rate.WhenNi and Cowere added
continuously, the temporary decrease phase was eliminated and the methane production rate
increased exponentially. We hypothesize that the temporary decrease in the methane
production rate and the final arithmetic increase in the methane production rate were due to
micronutrients limitations and that the precipitation-dissolution kinetics of metal-sulfides
mayplayakeyroleinthebioavailability ofthesecompounds'^.

A modified version ofthis chapter waspublished inAppl. Environ. Microbiol. (1999),65: 1789-1793.
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Introduction
Previousresearch [6,20,26,28]has shownthat metaldeficiencies canlimitthe performance
ofanaerobic digestion systemsandthatmetal supplementation may substantially improve the
treatment performance of such systems. In particular, the benefits of nutrient supplements
duringmethanization ofindustrialwastewatershavebeenrecognized [27,28].
Methanogenesis from methanol may proceed by several pathways: (i) methanol can be
directly converted to methane by methylotrophs, (ii) methanol can be converted with
bicarbonate to acetate by acetogens, and the acetate can be metabolized by acetoclastic
methanogens, and (iii) methanol can be converted to H2 and CO2, which can be used by
hydrogenophilic methanogens and/or acetogens to form methane and acetate, respectively
[6]. Methanosarcina type bacteria are responsible for direct conversion of methanol to
methane, and Ni, Co, and Fe are components of the enzymes that catalyze many of the
reactions of this methylotrophic pathway [4, 5, 11, 13,29]. It has been reported that metal
supplementation may substantially improve anaerobic treatment of different types of waste
streams [8, 10, 21,28].However, the previously described metal additions that are optimal
vary by several orders of magnitude [28]. Furthermore, previously published information
concerning the relationship between kinetic data and "optimum" metal concentrations is
rather unclear. This is illustrated bythe fact that for similar batch systems,metal (Ni or Co)
dosesvaryfrom 0to40uM [17,22-24].
Since methanol-consuming methanogens have specific trace metal requirements and since
many industrial waste streams contain methanol as an important contaminant, in the present
study we examined the kinetics of methanol consumption by methanogenic biomass in the
presenceofdifferent NiandCoconcentrations.

MaterialsandMethods
Anaerobic granular sludge from a full-scale expanded granular sludge bed, a Biobed EGSB
reactor (location, CaldicEuropoort)developedbyBiothane Systems (Delft, TheNetherlands)
was used. The sludge treated wastewater generated during the production of formaldehyde.
Thewaste stream contained primarily methanol and formaldehyde asorganic substrates[30].
Toprevent masstransfer limitations, thegranular structure was disrupted with ablender, and
the sludge suspension obtained was used as inoculum. The initial concentration of the
inoculum expressed asthe amount of volatile suspended solids (VSS) inthereactors was1.5
g/1.The standard medium used contained the following components: 15mMNH4CI,7 mM
H 2 P0 4 , 4 mM MgSC-4, 5mM CaCl2, and 35.74 mM NaHC03. This medium also contained

