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Propositions

10.

The kinetic constants of oleic acid reported by Novak and Carlson are not
reliable because COD removal is not an appropriate measure of oleic
degradation.

Novak, J.T. and Carlson, D.A. (1970). The kinetics of anaerobic long chain fatty acid
degradation. J. Water Pollut. Conirol Fed., 42, 1932-1943.

Contrary to the findings of Beccari et al., oleic acid can be degraded without

the addition of glucose.
Beccari, M., Bonemazzi, F., Majone, M. and Riccardi, C. {1996). Interaction between
acidogenesis in the anaerobic treatment of olive oil mill effluents. Water Res., 30, 183-189.

Compared to the excellent treatment of lauric acid achieved in EGSB
reactors, the lower performance obtained for oleic acid in these systems
reflects the complexity of anaercbic treatment of wastewaters containing
long-chain fatty acids.

Wastewaters containing oleic acid can be treated without the problems of
microbial inhibition and sludge flotation provided that the proper sludge and
bioreactors are employed.

Chapter 6, this thesis.
A penny to the poor means more than a million to the rich.
Free trade has rules; the economic powers make the rules.

Communism is to let everyone have a hand in the pie; socialism is to let
everyone have a pie in the hand.

A Jack of all trades is master of none.

An agreement is something you have to pay back and a favor is something
you want to pay back.

This flat country has good living quality except for living in a flat.

Propositions belonging to the thesis “Enhancing Anaerobic Treatment of Waste-
waters Containing Oleic Acid.”

Ching-Shyung Hwu
Wageningen, 10 Sep. 1997
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I

Ancerobic Treaiment of Wastewaters
Containing Long-Chain Falty Acids:
Infroduction

CHARACTERISTICS AND SOURCES OF WASTEWATERS
CONTAINING LONG-CHAIN FATTY ACIDS

Fatty acids are products of lipid hydrolysis which is catalyzed by exoenzymes
called lipases. Triacylglycerols are the most abundant family of lipids and the
major components of depot or storage lipids in plant and animal cells. Fig. 1.1
structurally represents the hydrolysis of triacylglycerol to fatty acids and glycerol.
The reaction does not reduce the chemical oxygen demand (COD) of the reactant,
but pass it to the products. Fatty acids in biological systems usually contain an
even number of carbon atoms, typically between 14 and 24 (Stryer, 1995). For
convenience we term the fatty acids with 12 and more carbons as long-chain fatty
acids (LCFA) throughout this thesis. Approximately 93-96% of the lipid COD
would be passed to LCFA and the remaining to glycerol. Moreover, because lipid
hydrolysis proceeds rapidly in anaerobic digestion (Heukelekian and Mueller, 1958;
Hanaki et al., 1981; Angelidaki and Ahring, 1992), it is thus reasonable to expect
that LCFA will prevail in lipid-containing wastewaters.

Various concentrations of lipids can be found in both domestic sewage and
industrial wastewaters. Although domestic sewage generally contains about 40—
100 mg lipids/l (Forster, 1992; Quéméneur and Marty, 1994), it is industrial
wastewaters that are of greater concern when considering the higher lipid
concentrations in discharged effluents. Typical industries that generate lipids-
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containing wastewaters are dairy, edible oil and fat refinery, slaughterhouse and
meat-processing, rendering and wool scouring (references refer to Table 6.4 in
Chapter 6). As mentioned above, we regard these wastewaters as the LCFA-
containing wastewaters in this thesis.

o

0 CHy—O—C—R,

Rt-0tH o + 3HO
CIJHQ—O—C—FI;,

Triacylglycerol

P

R,—C—O
CH,0H ICIJ

hydrolysis H H + R,—C—O + 3H*

O
CH,0H ]

R;—C—0O

Glycerol Fatty acids

Fig. 1.1 Hydrolysis of triacylglycerol.

LCFA vary in chain length and degree of saturation. Table 1.1 summarizes
some naturally occurring LCFA and Table 1.2 presents the LCFA compositions in
lipid-containing raw materials and wastewaters. It is very likely that the major
constituents in a raw material are also present in the wastewater of its production
process. Obviously, palmitic (hexadecanoic) acid and oleic (cis-9-octadecenoic) acid,
respectively, is the most abundant saturated and unsaturated LCFA.

LCFA have interesting chemical properties because they contain a highly
hydrophobic and a highly hydrophilic moiety, referred to as the carboxylic (head)
and aliphatic {tail) groups. Due to the amphiphilic structure, LCFA are surface
active and thus behave similarly as synthetic surfactants in aqueous systems. In
fact, LCFA are ionized in neutral pH environments, e.g., in a bioreactor; and so it is
appropriate to refer to them according to their carboxylate form: for instance,
oleate and cis-9-octadecenoate instead of oleic and cis-9-octadecenoic.
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BIODEGRADATION OF LCFA

Degradation Pathway

unsaturated saturated
LCFA LCFA
HS-CoA , ATP
aclivalion

unsaturated H5-CoA , ATP

long-chain acyl-CoA
saturated FAD
HS-CoA long-chain acyl-CoA
FADH,
acetyl-CoA
NADH
Ha0

NAD*

Fig. 1.2 Degradation pathway of LCFA, after Novak and Carlson {1970) and Nunn (1986).
Following the liberation of LCFA from lipids, even-numbered LCFA may be

further degraded to acetate and hydrogen. For example, 9 moles acetate and 15
moles hydrogen are formed via the degradation of 1 mole oleate:

oleate +16 H,O — 9 acetate + 15 Hz

The LCFA degradation is generally referred to as S-oxidation, as they are degraded
by oxidation at the f-carbon. The sequential removal of two-carbon units
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characterizes the end-product of S-oxidation, viz., acetate. Although Jeris and
MecCarty (1965) proposed that both S-oxidation and w-oxidation can take place, 8-
oxidation has been confirmed as the principal mechanism by experiments using
14C labeled palmitic (Jeris and MeCarty, 1965; Nuck and Federle, 1995) and oleic
acid (Weng and Jeris, 1976), and by evidences of end-products produced under
mesophilic conditions (Novak and Carlson, 1970; Hanaki ef al., 1981; Rinzema,
1988) and thermophilic conditions (Angelidaki and Ahring, 1995).

In fact, f-oxidation is not the sole reaction involved in the whole degradation
pathway of LCFA. Even the oxidation itself consists of 4 sequential reactions. Also
the whole pathway is slightly different between saturated and unsaturated LCFA
{Fig. 1.2). Both saturated and unsaturated LCFA are first activated by acyl-CoA
synthetase in cytoplasmic membrane. The saturated long-chain acyl-CoA then
directly enters the cyclic reaction known as f-oxidation, while the unsaturated
long-chain acyl-CoA needs to be saturated (hydrogenated) before entering f-
oxidation. Through the oxidation, each time a two-carbon shortened fatty acyl-CoA
molecule reenters the degradation cycle without further activation. Although the
pathway was studied by using E. coli., the basic features are substantially similar
to the §-oxidation pathways present in other microorganisms. This pathway is a
classic example of the oxidation of a series of homologous substrates through a
geries of homologous intermediates (Nunn, 1986). The degradation pathway is
illustrated by using oleate as an example:

activation saturation

oleic acid —————pp» Oleyl-CoA ——p stearyl-CoA
7 rapetitions of + B-oxidation
B-oxidation

8 acetic acid §— «§— @— palmityl-CoA + acetyl-CoA

v

acetic acid

Transport of LCFA into Cytoplasm

In contrast to lipid hydrolysis which oceurs in the bulk, LCFA degradation
begins by the transport into the microbial cell. Prior to S-oxidation, LCFA must
enter the cell via uptake systems which vectorially translocate them across the
membrane. Nunn (1986) reviewed several genetic and biochemical studies and
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stated “LCFA are initially adsorbed to FLP, which functions as an outer membrane
receptor and, possibly, a pore. Once the LCFA are transferred across the outer
membrane, they are somehow transferred across the cytoplasmic membrane to the
peripheral membrane-bound acyl-CoA synthetase, where they are activated and
released into the cell.” Fig. 1.3 depicts the membrane-associated transport in E. coli
K-12. Direct evidence of LCFA transport in anaerobic microorganisms is, however,
still absent.

(XXX

e bae:

CLLX XX

[ XX

(XLEX  acyl-CoA
FLP (XY synthetase

long-chain 8
fatty acids nnsg

£ " long-chain
| -m?v""lhn- acy?-CoA = B-oxidation
X,

¢ CoA + ATP

>
A
+

ey
...
Lot Oy

W P B
OM PG M
Fig. 1.3 Model of LCFA transport into E. cofi. LCFA transverse the cuter membrane via the

membrane protein FLP which is the possible receptor. OM: outer membrane; PG:
peptidoglycan; PS: periplasmic space; IM: inner membrane. Adapted from Nunn {1986).

The LCFA of which bacteria take up are their undissociated free form
(Ratledge, 1994}, The fraction of the undissociated free LCFA is pH dependent. The
concentration of the undissociated acids is of key significance in the inhibitory
properties towards microorganisms (Prince, 1959). It is import in all
microorganisms that free fatty acids within the cytoplasm are effectively
eliminated. The acyl-CoA synthetase therefore fulfills a dual role: it activates the
fatty acid, prior either to its transfer into cell lipids or to its oxidative degradation,
and also effectively detoxifies the fatty acid as the CoA esters are not inhibitory
(Ratledge, 1994).

Syntrophic Acetogenic LCFA Degrading Bacteria

In anaerobic digestion LCFA are converted to acetate and hydrogen by
proton reducing, acetogenic bacteria (Roy et af., 1986; Lorowitz et al., 1989). This
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conversion is thermodynamically unfavorable unleas the Hy partial pressure
remains very low, e.g., 10-¢ atm. The effective removal of hydrogen is possible
when hydrogen-utilizing bacteria are prevailed. Thus the LCFA acetogenic
bacteria are generally cultivated in syntrophic cocultures usually with
hydrogenotrophic methanogens (Roy et al., 1986; Lorowitz et al., 1989; Angelidaki
and Ahring, 1995; Svetlitshnyi et al., 1396) and sometimes with sulfate-reducing
bacteria (Roy et al., 1986; Lorowitz et al., 1989; Gibson, 1990). However, under
relatively high sulfate concentrations (> 2 g SO42/1), a sulfate-reducing bacterium
is capable of degrading LCFA using sulfate as electron acceptor (Cord-Ruwisch
and Garcia, 1985).

Regarding syntrophic acetogens, it is somehow surprising that until now there
have been described only two mesophilic and two thermophilic bacteria with the
ability to degrade fatty acids higher than lauric. Table 1.3 summarizes the
characteristics of the above acetogens which can f-oxidize LCFA.

Table 1.3 Characteristics of syntrophic, acetogenic, LCFA degrading bacteria

Organism LCFA Syntrophic Growth Growth  Maximum Reference
used? partner temp. pH growth
(°C) rate (d1)
Syntrophomonas  la, my, Methanospinlium 25-45 6.3-8.1 Roy et al,
sapovorans pa, st, hungatei 35-376 7.3b g.6c 1586
ol li
Syntrophomonas  la, my, Desulfovibrio sp. 37 7.2 0.4¢ Lorowitz et al.,
wolfei subsp.
saponavida pa, st 1989
Thermosyntropha la, my, Methanobacterium 52-70 7.2-9.5d Svetlitshnyi
Ipolytica pa,st, P 60-66> 8.1-8.95¢ 7°  eral, 1996
ol, li
short rod pa, st, Methanobacterium Angelidaki &
thermophile ol thermoautotrophicum 55b 7 0.3 Ahring, 1995

%a: lauric; my: myristic; pa: palmitic; st: stearic; ol: oleic; fi: linoleic
toptimum value(s}

tdetermined on butyrate medium

¢oH datermined at 25°C

tdetermined on olive oil

Idetermined on stearate
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Rate-Limiting Step in LCFA Anaerobic Degradation

Since there are several steps involved in the acetogenesis of LCFA,
realization of the rate-limiting step may facilitate the degradation rate and
improve the treatment efficiency. Novak and Carlzon (1970} conducted a kinetic
study on LCFA degradation and concluded that LCFA are readily available for
microorganisms, regardless of their low solubility, and are rapidly transported
through the cell wall. Hence the access to LCFA by the microorganisms probably
18 not limited by solubility considerations.

Novak and Carlson (1970) observed an accumulation of palmitic acid in the
degradation of oleic and linoleic acid while not any intermediates were found for
myristic, palmitic and stearic degradation. Conclusively, f-oxidation is the rate-
limiting step for unsaturated LCFA degradation while activation (addition of acyl-
CoA) is the rate-limiting step for saturated LCFA. In contrast, Rinzema et al.
(1994) reported that $-oxidation is the rate-limiting step for a saturated, medium-
chain fatty acid (capric, Cyg.0). However, despite the report by Novak and Carlson
{1970), literature relevant to LCFA anaerobic degradation has not clearly
differentiated all steps involved in the degradation pathway. Consequently, the
indiscriminate S-oxidation has been generally regarded as the rate-limiting step.

SOME POSSIBLE FACTORS AFFECTING LCFA DEGRADATION

Many environmental and biological factors relevant to the S-oxidation may
affect the LCFA degradation. We herein review 4 important factors that are most
frequently reported on the degradation of lipids/LCFA: temperature, pH,
cosubstrate and methanogens.

Temperature

Anaerobic digestion process can be operated optimally within two
temperature ranges: mesophilic (25—40°C) and thermophilic (> 45°C) (Van Lier,
1995). Regarding anaerobic treatment of LCFA-containing wastewaters, most
work has been conducted at the mesophilic range rather than at the thermophilic
range of temperature (see the references in Table 6.4). Very limited comparisons
have been made between the two temperature ranges. Borja et al. (1995)
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investigated the anaerobic digestion of olive mill effluent in mesophilic and in
thermophilic processes. They found that the rates of methane conversion, COD
removal and substrate uptake are higher under thermophilic conditions than under
mesophilic conditions. Since oleic and palmitic acid are largely prevailing in olive oil
(Table 1.2), thermophilic conditions may very likely benefit the treatment of the

two compounds.

Until now, temperature effects on LCFA degradation rates have not been
simultaneously compared. Although some maximum growth rates of LCFA §-
oxidizers have been established at both temperature ranges, the two rates
obtained under thermophilic conditions are somehow conflicting (Table 1.3). This
conflict disables the applicability of the data from the comparison of the growth
rates between the two temperature ranges.

Many studies conducted under the two temperature conditions were focused
on the acetate/hydrogen removal rates. The data reported on these papers might
be useful for the selection of an appropriate temperature range, considering that
the faster removal of the end products of LCFA degradation may favor the
degradation. In a review article Zinder (1990) summarized that thermophilic
methanogens grow 2-5 times more rapidly compared to their mesophilic
homologues. For hydrogenotrophic methanogens a factor of 10 can even be
reached. Besides, according to thermodynamic caleulations, higher temperature
may broaden the posgibility of hydrogen concentration-dependent reactions (Lee
and Zinder, 1988). These findings collectively may imply that a higher rate
methanogenesis, which favors the removal of the end products, can be attained
under thermophilic conditions. Apart from these investigations (refer to references
in Zinder’s review) using axenic cultures, Van Lier ef al. (1996) further
demonstrated that acetate is more rapidly removed by thermophilic than by
mesophilic anaerobic sludges. Temperature effects on thermodynamics, gas
solubility, mass transfer and process stahility related to anaerobic treatment are
recently reviewed by Van Lier (1995).

Besides the significant effect on substrate conversion, temperature may also
affect the inhibition of microorganisms. Addition of Tween 80, consisting of oleic
and palmitic acid, to a thermophilic bacterium decreases the optimal growth
temperature (Thies et al., 1994). This indicates a change in the membrane
composition of the thermophile, which eventually leads to cytolysis. The authors
attributed the lytic effect to the presence of LCFA. It is beyond controversy that
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the biodegradation can only proceed when serious inhibition, e.g., cell lysis, is not
prevailing. Thus prior to the selection of a treatment temperature, the LCFA
toxicity (described below) at different temperature ranges should be taken into
consideration. No literature, however, had been available.

pH

Anaerobic bioreactors are operated at neutral pH ranges because most
methanogens have pH optima near neutrality (Jones et al., 1987). Deviations from
this optimum, if not introduced with the influent substrate, are usually resulted
from excess production and accumulation of acidic or basic conversion products
such as organic fatty acids or ammonia, respectively (Pohland, 1992). It has long
been known that high concentrations of fatty acids can enhance the inhibitory
effect of low pH on methanogenesis in anaerobic bioreactors (McCarty, 1964).
Komatsu et al. (1991) found that oleic acid exerts higher inhibition on
methanogenesis from acetate at lower pH values. They also observed that both -
oxidation and methane production are favored at pH = 7.8 rather than at pH =
7.05. With respect to LCFA-containing wastewater, Beceari ¢t al. (1996) noted
that both acidogenesis and methanogenesis in the treatment of olive mill effluent
are much better at pH = 8.5 than at pH = 6.0.

Exergonic Cosubstrate

Microbial uptake of LCFA is an energy-required process (Nunn, 1986). The
overall standard free energy change, AG®, of the palmitic oxidation is calculated as
+ 345.6 kJ/mol, indication this reaction is a very endergonic reaction. The AGY
values of glucose fermentation, depending on different products formed, range from
—457.5 to — 610.5. Addition of an exergonic substrate like glucose thus may favor
the uptake and further enhance an endergonic reaction, viz., §-oxidation. This
explains the findings of Beccari et al. (1996) that oleic (3 g COD/1) is not degraded
without the supplement of glucose (6 g COD/).

Methanhogenic Bacteria

As early as in 1958, Heukelekian and Mueller postulated that LCFA are not
degraded during the acid-forming phase where methane is not produced. This early
finding has already highlighted the role of methanogens in LCFA degradation. As -
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oxidation of LCFA is an acetogenic reaction that is performed by obligate proton-
reducing bacteria, the prevailing of hydrogen-scavengers is of importance in the
degradation. The syntrophic phenomenen of interspecies hydrogen transfer has
been reviewed by Schink (1992) and Stams (1994).

PROBLEMS IN ANAEROBIC TREATMENT OF LCFA-CONTAINING
WASTEWATERS

McCarty (1964) reported that a successful treatment of LCFA-containing
wastes 1s possible, provided that considerably long hydraulic retention times
({HRT), e.g., 1040 days, are applied in traditional anaerobic bioreactors. The
occurrence of failure was reported on the treatment of dairy waste in an industrial-
scale upflow anaerobic sludge bed (UASB) reactor (Samson et al., 1985), and on
the treatment of lauric acid in lab-scale UASB reactors (Rinzema et ai., 1989). The
problematic LCFA treatment is attributed to two causes:

(i). occurrence of flotation/washout of granular sludge and fatty matter
at low loadings (Rinzema et al., 1989), and

(ii)>. LCFA inhibition of anaerobic microorganisms at millimolar
concentrations (Koster and Cramer, 1987),

Mostly the insufficient treatment results of LCFA-containing wastewaters
were attributed to the toxicity of LCFA (Hanaki ef al., 1981; Angelidaki and
Ahring, 1992; Hamdi, 1992; Perle ¢t al., 1995; Hamdi, 1996). For toxicology of
LCFA we refer to the comprehensive review of Rinzema (1988). Regarding the
degree of individual LCFA toxicity, oleic acid can be considered as the most
problematic since it exerts very high inhibitory effect and is the most abundant in
wastewaters (in combination with data in Demeyer and Henderickx, 1967;
Galbraith et al., 1971; Koster and Cramer, 1987; and Table 1.2 in this Chapter).

Sorption of LCFA onto cell surface was indicated as the mechanism of
inhibition (Galbraith et al., 1971) and that onto granular sludge was speculated as
the reason of sludge flotation/washout (Lettinga and Hulshoff Pol, 1992). As salts
of LCFA are used as detergents in textile industry, studies on LCFA sorption are
conducted by using textile fibers as adsorbents. Weatherburn ef al. (1950) and
Meader and Fries (1952) concluded that the LCFA sorption onto fibers can be
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regarded as a chemical adsorption process. Similar results were also found by
using nickel and platinum catalysts (Smith and Fuzek, 1946). These results have,
however, to be re-evaluated in anaerobic treatment processes, especially in UASB
reactors. This is because the sorption behavior can be different when granular
sludge serves as the adsorbent.

It has been reported that, in anaerobic digestion of oleic and myristic acid, an
84% COD removal was achieved while no methane production was abserved
(Canovas-Diaz et al., 1992). Very likely the authors obtained an adsorptive
removal of the LCFA-COD. Because the occurrence of LCFA in anaerobic
reactors, it has to be taken into consideration that the COD removed was not only
due to the metabolic activity of active biomass but also to the adsorption onto the
sludge.

OUTLINE OF THIS THESIS

The objectives of this research are to gain more science and engineering
insights regarding the anaerobic treatment of cleic-containing wastewaters and to
solve the above-mentioned treatment problems. Experimental approach was
initially focused on toxicity {(Chapters 2-3), then on sorption (Chapter 4) and
finally on reactor technology (Chapters 5-6).

Chapter 2 describes the oleic toxicity to anaerobic sludges from various
origins. Effects of three biological factors, viz., sludge origin, methanogenic activity
and sludge adaptation, and a physical factor, viz., specific surface area of sludge,

on the toxicity were investigated under mesophilic conditions.

Chapter 3 compares oleic toxicity to granular and suspended sludges at
mesophilic and thermophilic ranges of temperature. Also the anaerobic
biodegradability of granular sludge was compared at the two temperature ranges.

Chapter 4 deals with the complicated sorption behaviour of LCFA (oleate and
a mixture of three LCFA) in batch and continuous UASB reactors. The sorption
phenomena on active and inactivated granular sludges were characterized.
Relationships between LCFA adsorption and sludge flotation as well as inhibition

are demonstrated.
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Chapter 5 compares the effects of reactor hydrodynamics, thermophilic and
mesophilic temperatures, and addition of cosubstrate on biological and physical
performance of expanded granular sludge bed (EGSB) reactors.

Chapter 6 explores the optimum operational parameters of thermophilic
reactors supplemented with cosubstrates. Effects of recirculation of washed out
biomass to the reactor were also investigated. Strategies to enhance the
treatment are discussed.

At last, in Chapter 7, based on experimental results obtained comprehensive
suggestions for optimizing the anaerobic treatment of LCFA-containing
wastewaters are proposed as the Summary of this thesis.
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Comparative Toxicity of Oleic Acid fo
Anaerobic Sludges from Various Origins

ABSTRACT

Seven anaerobic sludges were screened in order to obtain the most suitable
methanogenic inoculum for the anaerchic treatment of wastewaters containing
long-chain fatty acids (LCFA). The selection was made on the basis of the toxicity
of a model compound, oleate, to acetoclastic methanogens in different sludges.
The effects of three biological factors, sludge origin, specific acetoclastic
methanogenic activity and sludge adaptation to lipids, and a physical factor,
specific surface area of sludge, on the degree of toxicity were investigated and
compared. Values of the fifty percent inhibition concentration (ICsg) of oleate
obtained from 40°C batch toxicity tests ranged from 0.26 to 3.34 mM for the
various sludges examined. It was found that the toxicity of oleate to anaerobic
sludges did not depend on the three biological factors. Instead, it was closely
correlated to the specific surface area of sludge. Suspended and flocculent
sludges, which have higher specific surface area, suffered much more from
inhibition than granular studges. The results presented in this Chapter therefore
indicate to use granular sludges as appropriate inocula for reactors treating
lipids (fats, oils and greases) wastewaters, to decrease the toxic impact from their
hydrolysis products—LCFA.
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INTRODUCTION

Lipids, characterized as fats, oils and greases, are one of the major organic
materials in wastewater (Yang and Anderson, 1993; Raunkjeer et al., 1994).
Various concentrations of lipids are widely found in both domestic sewage and
industrial wastewaters. Although domestic sewage typically contains about 40—
100 mg/l lipids (Forster, 1992; Quéméneur and Marty, 1994), industrial
wastewaters are of greater concern when considering the higher lipid
concentrationa in discharged effluents. Typical industries which generate lipids-
containing wastewaters were extensively reviewed by Rinzema (1988). The
tremendous industrial productivity is accompanied with huge quantities of
effluent and, consequently, may lead to environmental deterioration.

Most of the discharges containing lipids would have received some form of
preliminary physico-chemical treatment before entering to the biological stages,
e.g., trapping, intercepting and floating separation. Although these processes
may reach an effective removal efficiency up to 90% of the lipids, there still
remains some practical impediments, due to the small amount of partially
unremoved emulsified and/or colloidal lipids, to conduct either anaerobic or
aerobic biological treatment of lipids-containing wastewaters (Forster, 1992;
Perle et al., 1995). Previous investigations demonstrated that the conversion
(hydrolysis) of lipids to long-chain fatty acids (LCFA) and glycerol is not the rate
limiting step for anaerobic digestion (Heukelekian and Mueller, 1958, Hanaki et
al., 1981; Rinzema et al., 1994). However, LCFA are well-known inhibitors of
various anaerobic micro-organisms at millimolar concentrations (Koster and
Cramer, 1987) and, consequently, cause some serious problems in anaerobic
treatment systems (Rinzema, 1988; Angelidaki and Ahring, 1992; Rinzema et al.,
1994).

Naturally occurring LCFA are mostly f-oxidized (Weng and Jeris, 1976;
Nuck and Federle, 1995) to acetic acid and hydrogen which in turn are further
converted to methane gas. Both methanogens and acetogens, the two consortia
responsible for LCFA mineralization, suffer greatly from LCFA inhibition (Roy et
al., 1986). Demeyer and Henderickx (1967) and Galbraith ef al. (1971) reported
that adsorption of the surface active LCFA onto the cell wall/membrane leads to

the damage of transport function or protective function, which is supposed to be
the mechanism of LCFA toxicity. The effect of LCFA toxicity depends on the
concentration but not on the concentration:biomass ratio (Koster and Cramer,
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1987; Angelidaki and Ahring, 1992; Rinzema et al., 1994). Yet, to date the toxicity
of LCFA has not been investigated relative to the origin of sludges.

Research has shown that success was uncertain when an anaerobic sludge
acclimated to one wastewater was used as an inoculum for treating another types
of wastewater (Crawford and Teletzke, 1986; Morgan et al., 1990; Yang and
Anderson, 1993). Significant differences in reactor performance were observed
when using different seed sludges for the treatment of toxic wastewaters
{Hendriksen and Ahring, 1992; Peng et al., 1994). Both from the research as well
as the practical point of view, it is essential to select a suitable seed sludge prior
to the start-up of the treatment of LCFA-containing wastewaters. The
investigations in this Chapter dealt with anaerobic toxicity tests as the
preliminary screening assay for the purpose of start-up.

We selected LCFA toxicity to acetoclastic methanogens in view of their big
metabolic importance {Gujer and Zehnder, 1983) and the high sensitivity to
inhibition (Yang and Speece, 1986). Among the LCFA, lauric acid and oleic acid
have been reported to be versatile inhibitors (Galbraith ef al., 1971; Koster and
Cramer, 1987). However, we selected the use of merely sodium oleate as the
model compound in this study for another three reasons: (1) the most abundant
amount among all fatty acids in wastewaters (Viswanathan et a!l., 1962; Komatsu
et al., 1991), (ii) well-understood biochemical degradation pathway (Weng and
Jeris, 1976), and (iii) its good solubility as a sodium salt. All the experiments
were conducted at 40°C because this temperature results in the highest
conversion rates (Van Haandel and Lettinga, 1994) and maximal growth rate of
methanogens (Lettinga, 1995) within the mesophilic range. In the context of this
study to compare sludges from different origins, we studied the effects of three
biological factors, i.e., sludge origin, specific acetoclastic methanogenic activity
and sludge adaptation to lipids, and one physical factor, i.e., specific surface area
of sludge, on the extent of toxicity to acetoclastic methanogens.

MATERIALS AND METHODS

Biomass
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Anaerobic sludges from bench-, pilot- and full-scale, mesophilic and ther-
mophilie, adapted and non-adapted, and granular type and suspended/flocculent
form were collected for this study. The characteristics of the anaerobic sludges
used in this study are listed in Table 2.1. Prior to starting the experiment, all
sludges had been stored at 4°C in gas tight plastic containers for a time period
less than 2 weeks. After reactivation (see below), some sludge Y was placed in a
test tube containing a few glass beads (inner diameters 3—5 mm). Subsequently,
the tube was vigorously vortexed for 5 min. The crushed sludge Y is denoted by

Ye.

Table 2.1_Sources and characteristics of anaerobic sludges used for oleate toxicity test

Source of sludge Aviko Borculo Agrico ownlab. ownlab. owniab. ownlab.
Code used in this stugdy A B C D E Y Ye
Wastewater type potato whey  potatc synthetic® synthetic® milk fat milk fat
Reactor type UASB UASB Ice USSBd USSBP EGSB® EGSB*
Reactor volume 1700 m3 590 m3 110 m3 51 51 2001 2001
Reactor temperature? M (] M T T M M
Sludge appearance granular granular granular granular flocculent granular suspended
Total solids {%, w/w)? 9.58 1268  10.96 20.95 11.26 10.49 1.83
Volatile solids (%, wiw)?  7.52 9.14 8.75 9.06 217 9.31 1.58

agynthetic wastewater composed of sucrose-VFA (volatile fatty acids) mixture treated in upflow
staged sludge bed (USSB) reactor (Van Lier et al, 1994}

binternal circulation reactor

taxpanded granular siudge bed

dM = mesophilic; T = thermogphilic

esludge content (elutriated or settled) used in toxicity test

Media

The basal medium used for the reactivation of sludges and for the toxicity
assay as well was composed of (in mg/l final concentration) NH,Cl1 (280), KoHPO,
(250), MgS04-TH20 (100), CaClz-2H30 (10) and yeast extract (100). The medium
was made up in demineralized water and buffered by adding 5 g/l NaHCO3 One
millilitre of a trace element solution (Zehnder et al., 1980) was added per litre of
medium. All media were pH adjusted to 7.0 £ 0.1 by adding few drops of HCI.

Reactivation
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Because the test sludges were obtained from various origins and with
different temperatures, reactivation of the sludges at 40°C under the same
condition was necessary to attain a compatible methanogenic activity of each
sludge. Prior to use, each sludge was reactivated in a 1 1 serum bottle by fed-
batch incubation using 5 g COD/l acetate except for sludge Ye, which was directly
prepared from sludge Y. Bottles for reactivation were intermittently shaken.
Residual concentrations of acetate was monitored to determine the acetoclastic
methanogenic activity. The reactivation of a sludge was terminated when the
activity reached 0.26 + 0.09 g COD per g volatile solids (VS) per day. The
reactivated sludge was to be used for toxicity test (see below) as seed material.

Acute Toxicity Test

In the present investigations we used a conceptual approach and
experimental design which deviated slightly from the procedures reported by
Koster and Cramer (1987) and Sierra-Alvarez and Lettinga (1991). Reactivated
granular sludges were elutriated to remove floating matter and fine particulates.
On the average 7.5-9.3% (w/w) VS contents (actual compositions given in Table
2.1) were obtained per gram of those elutriated wet sludges. Sludge Y was
crushed to prepare Yc¢ by a mixer under an anaerohic atmosphere. Both E and Ye
sludges were repeatedly washed and settled for five times. The sediment with ca.
2% (w/w) VS content was then pipetted into serum bottles. The bottle had 136 + 1
ml working volume and was equipped with a butyl rubber septum and aluminum
gerew cap. Such treatments {(elutriation or wash and settling) minimized the
background methane production during the e'xperiments. A sludge concentration
of ca. 2 g VS/l was applied for each test throughout the whele study. The final
liquid volume, including sludge (2 g VS/), basal medium, acetate (2.5 g COD/),
and sodium oleate solution, was 25 ml. The 2.5 g COD/1 acetate was used to
revive the anaerobicity and the methanogenic activity, which possibly had been
changed during sludge elutriation.

Subsequently, the headspace of the reactors was flushed with No/CQ4 gas
(70/30, v/v) for 3 min. Reactors were then placed in a reciprocating shaker water-
bath with temperature controlled at 40°C and stirred at approximately 50
strokes. After 1 day of incubation, varying concentrations of oleate (smaller
amounts for E and Yc sludges) were fed using syringes to all reactors except for
the control. The control was injected with the same volume of demineralized
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water. After overnight exposure to the toxicant, all bottles were fed with 1 g
COD/l acetate to assay the methanogenic activity. The headspace was flushed
and the bottles were reincubated for 1 hour. Then the methane composition in
the headspace of every reactor was determined intermittently (1.5 h in general)
over an 8 h time pericd. Preliminary experiments conducted over a time course of
125 h revealed the absence of a lag phase (data not shown). Consequently, a
period of 8 h was appropriate for gaining the maximum specific acetoclastic
methanogenic activity, The maximum methanogenic activity was obtained by
computing from the slope of the curve of cumulative methane production against
time course. The relative activity formed in the toxicity experiment was
expressed as a percentage of the control activity. Toxicant concentrations causing
50% relative activity loss are defined as the ICsg values. All the experiments were
conducted in duplicate except for the control in each batch, for which triplicate or
quintuplicate samples were used.

Analyses

Physical characteristics of the seven sludges such as particle numbers,
surface area and size distribution were analyzed by an image analyzer (Applied
Imaging, Tyne and Wear, England). The scanner was set such that only particle
diameters exceeding 10 um would be scanned and analyzed. Two dimensional
data were converted into three dimensional data assuming that all sludge
particles were spherical. Sludge samples received the same treatment as that for
toxicity tests were taken in quintuplicate for image analysis.

The methane content in the gas samples was determined, as previously
described (Sierra-Alvarez and Lettinga, 1991). The VFA was determined by gas
chromatography. The chromatograph (HP 58904, Palo Alto, USA) was equipped
with a 2 m X 4 mm glass column, packed with Supelcoport (100120 mesh) coated
with 10% Fluorad FC 431, Operating conditions were: eolumn, 130°C; injection
port, 200°C; flame ionization detector, 280°C. Nitrogen saturated with formic acid
at 20°C was used as carrier gas at 30 ml/min. Samples for VFA determination
were centrifuged at 16000 g for 3 min. The supernatant was analyzed with an
in)ection volume of 10 ul. The total solids (TS) and VS were measured according
to standard methods (APHA, 1992).

Chemicals
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Sodium oleate was purchased from BDH, London, England. All chemicals
were of analytical grade.

RESULTS AND DISCUSSION

An overnight exposure to oleate was chosen according to findings of Koster
and Cramer (1987) that the start of the degradation of LCFA will not within a
day. In this way we ruled out the prevalence of oleate degradation in our toxicity
assessment experiments; the methane production merely originated from the
acetate, and all inhibition could be attributed to the oleate and not to any of its
degradation products.

The oleate toxicity to anaerobic sludges from various origins is expressed as
ICsp values. Table 2.2 summarizes the experimental data found for the oleate
ICso values from our toxicity tests together with the sludge activity of each
control during the toxicity tests and the specific surface area of sludges used for
the tests. According to the IC5p values, it is obvious that the granular type of
sludges were less susceptible to the toxic effects of oleate than the suspended (Ye)
and flocculent (E) type of sludges. The sludge from the pilot-scale (200 1) reactor
treating milk fat (sludge Y) was the most resistant to oleate toxicity. As shown in
Table 2.2, the order of the susceptibility to oleate toxicity at 40°C is: Ye > E>D 2
B > C > A >Y. Possible biological and physical factors affecting the order are
discussed below. To date, according to our gurveys, these are the first results of
LCFA toxicity investigated at 40°C. Since this temperature results in high
conversion rates within the mesophilic range, the data presented here are of
importance for anaerobic treatment of LCFA-containing wastewaters.

Table 2.2 Summary of the experimental results obtained in this study

Sludge code A B Cc D E Y Yc
Oleate ICgo (MM) 227 178 201 175 053 334 026
Activity* (g CH,-COD/g vS.d) 047 083 108 040 042 077 089

Specific surface area (x 10°mm2/g TS)  0.59 0.56 067 021 255 043 7.37
*acetoclastic methanogenic activity of control {without receiving oleate), determined during the
toxicity test

Biological characteristics of the sludge may represent important factors
influencing the degree of toxicity of numerous toxicants. Therefore the effects of



30 CHAPTER 2

sludge origin, adaptation and activity on oleate toxicity to methanogens were
investigated. Fig. 2.1 shows the relative methanogenic activity of sludge D, E, Y
and Yc exposed to various oleate concentrations. It should be noted that sludges
D and E and sludges Y and Ye¢ were of the same origin: sludges Y and Yc were
taken from a pilot-scale EGSB reactor treating milk-fat, and sludges D and E
originated from a bench-scale USSB treating synthetic wastewater (cf. Table 2.1).
As the microbial composition can be regarded as the same, one might expect that
sludge from the same origin should have similar susceptibility to one toxicant. To
the contrary, both the ICs, values for sludges D and E and those for sludges Y
and Yc are significantly different. Moreover, although the milk-fat-acclimated
sludge Y was the least sensitive to oleate toxicity, its homologue sludge Yc was
the most sensitive among the sludges tested. These disordered behaviour and
dramatically different responses, i.e., one order of magnitude, imply that LCFA
toxicity is irrelevant to both sludge adaptation and origin.
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Fig. 2.1 Toxicity of oleate to (a) granular sludge (Y) and suspended sludge (Yc} from
mesophilic origin; (b) granular sludge (D) and flocculent sludge (E) from thermephilic
origin.

Furthermore, Fig. 2.2 shows a plot of the specific methanogenic activity on
acetate of each sludge against its oleate IC5q value. The correlation coefficients (r)
and the best fit curves have been obtained by applying Curve Fit command
(using the linear least-squares regression method) in a computer software (CA-
Cricket Graph III). Apparently a clear correlation between the oleate toxicity and
the sludge methanogenic activity does not exist (r = 0.205, including data from
Ye; r = 0.474, excluding). The irrelevance can be attributed to the unique
inhibition mechanism of LCFA that associates with cell membrane/wall
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(Demeyer and Henderickx, 1967; Galbraith et al.,, 1971). Unlike most
microbiological inhibitors, LCFA bears its toxic behavior similar to bactericidal
effect of detergents (Asther and Corrieu, 1987; Thies ef al., 1994) which
eventually induce cytolysis. Hence, it is not surprising that the toxicity of these
surface active compounds (e.g., LCFA) is not closely correlated with the substrate
conversion rate {e.g., methanogenic activity) in this study.
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Fig. 2.2 Relation between specific methanogenic activities
and 1C5, values of anaerobic sludges tested. The bold line
(—) represents the computer fitted curve which excludes

the data of Y¢, The dotted line {---) includes Yc. Letters
next to filled sgquares indicate the codes of sludges which
can be found in Table 2.1.

In addition to the above-discussed bhiological conditions, some physical
effects, e.g., particle size of sludge and experimental temperature, represent
other important factors that could possibly influence the degree of toxicity. Fig.
2.3 represents the correlation between specific surface areas and oleate ICs5q
values of the seven tested sludges. The computer fitted curve (r = 0.988,
excluding D) indicates that all data indeed fit very well with the tendency except
for sludge D. The toxicity of oleate clearly increases with a concomitant increase
of the specific sludge surface area. It should be noted that the suspended (Yc) and
the flocculent (E) sludges have higher specific surface areas than those of other
granular sludges (Table 2.2). Thus they received higher oleate toxicity than did
others. A visual examination of the appearance of sludges revealed that sludge D
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had distinctly different size distribution from the other granular sludges. As an
example, Fig. 2.4 illustrates the profile of size distribution of sludge D, Y and Ye.
Sludge D was composed of more small (e.g., less than 0.5 mm) particles and less
big {e.g., 1.6-2.0 mm) granules than was Y. Suspended sludge Yc was composed
mainly of fine particles. These different compositions reinforce the correlation
between the surface area and the oleate toxicity and also explain the
disagreement of the toxicity towards sludge D with other sludges' data.
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Fig. 2.3 Correlation of specific surface areas and I1Cg,
values of anaerobic siudges tested. The bold line
represents the computer fitted curve which excludes the
data from sludge D. The dotted line is the regression
including D.

Koster and Cramer (1987) performed oleate toxicity tests at 30°C using the
same biomass origin as sludge A in the presé_nt. study. They attributed the huge
different ICsp levels between their study (4.35 mM) and Hanaki et ai. (1983)
(0.015 mM) to the abatement effect of calcium and magnesium ions, viz.,
precipitation of oleate by these bivalent ions. However, the only significant
amount of cation applied in the former study was 1.75 meq/l calcium in contrast
to nil used in the latter study. It therefore is questionable that such a small
amount of calcium would lead to such an enormous difference. In our opinion,
there were at least two further factors contributing to the big difference, i.e.,
surface area of sludge and experimental temperature, on which Koster and
Cramer (1987) did not discuss in their paper. Hanaki et al. (1983) carried out






