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"N124  Microbiology of Landfill Sites
L. INTRODUCTION

Traditionally, landfill gas, which may be constituted by more than 80 different components
(Table 1),'*% has attracted little attention, although as the composition, particularly the
methane content, has changed with time, due essentially to changes in refuse composition and
site practices, it has increasingly been regarded both as a liability as well as an energy recovery
opportunity.>? Particular problems of uncontrolled gas release, by convective flow due to
pressure gradients®? and by molecular diffusion due to low gas concentration regions, include
odors,**" explosions and fires, groundwater acidification,'? and reduced crop yields, including
complete diebacks," due to a combination of factors such as sensitivities 1o carbon dioxide,
methane, oxygen limitation, elevated temperature,” hydrogen sulfide, ethylene, and mercap-
tans." In an attempt to minimize these problems, control of lateral gas migration from shallow
sites, which may be monitored by aerial thermophotography,'* to comply with discharge limits
such as 5% (v/v) at the site boundary,'* may be effected by use of gravel-filled cut-off barriers
or renches. For deeper sites (>6 m), however, gas abstraction systems or air injection systems
have been shown 10 be more cost effective.’ As an alternative, gas seals of natural materials or
fabricated membranes may be employed, although these represent considerable unrecoverable
expense.' Conversely, vertical gas migrations may be controlled comparatively cheaply by use
of low pore-size soils, particularly clay soils,” although these do present potential problems for
gas monitoring."”

Once controlled, the possible environmental impacts of the gas may be negated by cither
flaring'® or soil sieving." Soil sieving, which tends to be more effective in winter,® involves the
use of low pore-size soils, first to trap and then to oxidize, by aerobic intervention, the reduced
malodorants.**®

Although still largely untapped, the methane content of landfill gas, which was recognized
as long ago as 1934 by Jones and Owen,?' does represent a reservoir of tremendous potential
since it has been estimated that annual productions in the U.S. and U.K. now exceed 200 billion
ft* and 2000 million therms, respectively.?' The attractiveness of using this gas as a source of
energy can be readily assessed by consideration of the increasing volumes of natural gas
recovered by man which in 1965 accounted for 520 million m’, although by 1979 this total had
more than tripled.” Until recently, biogas has ofien been regarded as an asset, without detailed
consideration of the costs entailed in realizing the energy potential of 24 MJ/m3,% although until
used or sold, it is a waste product and, as such, represents a liability.

I1. CONTROL AND OPTIMIZATION OF METHANOGENESIS

A comprehensive understanding of the microbial ecology of methanogenesis within the
refuse mass is fundamental to either control or optimize gas production.

A. METHANOGENIC PATHWAYS

In view of the diversity of methanogenic precursors (Chapter 2} it is perhaps pertinent 10
identify the pathway(s) operative within the refuse mass. In anoxic environments, other than
landfill, it has been estimated that 70% of all methane generated is derived from acetate,™* with
the remainder from H,ACO,, and, to a lesser extent, formic acid, H/CO, propanol, methanol, and
methylated amines.? In the presence of high concentrations of sulfate, however, methanol and
methylated amines have been shown to replace acetate as the major methanogenic precur-
sors.?% Also, two mechanisms of methanogenesis from methano) have been described.
depending on the presence or absence of acetate as 2 cosubstrate.” A simple radiotracer study*
with refuse cores showed that of the three substrates —— acetate, bicarbonate, and methanol —
the highest rates of methanogenesis were recorded with methanol (Table 2). However, since the
pool size of methano! in the refuse was below the limits of detection, then not only could the

TABLE 1
Constituents of Landfill Gas'-*%

Acetone
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Benzene
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C,-substituted benzenes
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Metrhyl ethyl ketone

Concentration range
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TABLE 1 (continued)
Constituents of Landfill Gas'*'*
Concentration range
Volume % ppm
2-Methy-fluran 69
Methy! pentanoate 0.022
Methyl styrene 0.015
Nitrogen
Nonanes 0.031—0.100
n-Nonanes 0.064 0.019—0.083
Nonenes 0.012-0.021
n-Octane 0.206 0.006—0.012
Octanes 0.009—0.015
Ocienes 0.004
Oxygen t
n-Pentane 0.014 196
iso-Pentane 0.01 83
Pentanes 0.040
Pentan-2-one 0.004
Perchloroethylene 19
Propane 0.007 141
Propan-1-ol 0.073
Propan-2-ol . 0.017—0.046
Propyl cyclohexanes 0.004—0.005
Sulfides 0.041—1.80
Terpene 124
Terpenes 0.033
a-Terpinenc il
Tetrachloroethylene 0.003—0.030
Toluene 0.05—0.09 150
1.1.1-Trichloroethane 0.018
Trichlorocthene 13
Trichlorocthylene 0.001
n-Undecane 0.021—0.05¢
Undecanes 0.048—0.164
Undecenes 0.034—0.054
Viny) chloride 44
Xylene 149
Xyleaes 0.036—0.077

absolute rates not be determined, but also the relative rates must be questioned. In a similar study
by Kasali* the methanol and acetate pathways were again shown to be dominant. although in
this case the rates of conversion were found to be comparable. Unlike the first study, however,
an operative NaH'*CO, pathway was also detected.

Although neither of these studies resolved the question of the relative contributions of the
different methanogenic pathways, Hoeks and Borst* exemplified the role of acetic acid in
landfill gas generation when they reported that methanogenesis was accompanied by a decrease
in leachate acid concentration. Subsequently, inhibition of methanogenesis was shown to result
in an increase in the concentrations of short-chain fatty acids in the leachate. These results were

perhaps not surprising since it has been reported that during the anacrobic dissimilation of

organic compounds, in ecosystems other than landfill, the production and utilization of acetate
are quantitatively the most important metabolic steps.’ Under anoxic conditions, acetate can be
produced, by the intervention of single specics and interacting microbial associations, from a

117

TABLE 2
Methane Generation Rates from Labeled Precursors

% Couversion of [*C) Label/g Wet Weight/d

[u-"*C}] Acetate NaH"C0, [“C|Methanol
0.09 BD 24.55
0.03 BD 235
0.41 BD 58

Note: BD denotes below detection.

Senior, E. and Balba, M. T. M.. unpublished observations

variety of substrates including carbohydrates.* aromatic monomers." volatile fatty acids,™
alcohols,” and H,/CO,.*** The formation of acetate from many of these substrates by
fermentative bacteria, however, usually requires the presence of hydrogen sink organisms. such
as sulfate-reducing bacteria and methanogens. 10 maintain, overall, a negative free energy
change.

Examination of the role of this key intermediate in the overall mineralization of the refuse wus
made by Coutts** with a hexanoic acid-dissimilating microbial association isolated from
landfill.** In the presence of sulfate, hydrogen, the B-oxidation product of hexanoate and
butyrate, was competitively utilized by the component sulfate-reducing bacteria. whereas in the
aosence of sulfate, an interaction between hydrogen-utilizing acetogenic and methanogenic
bacteria facilitated hydrogen removal, with acelate catabolism restricted to the methanogenic
bacteria (Figure 1). Since, as speculated by Rees,** methanogenesis from H,/CO, is probably
limited by hydrogen availability in landfills, the dominant pathway would appear to be
aceticlastic methanogenesis.

In view of the dominance of acetate as the major methunogenic precursor in anoxic
environments, it is perhaps surprising that metabolism of this molecuie has been detecied in oniy
two genera, Methanosarcing and Methanothriy 4%

By use of the methanogenic inhibitor 2-bromoethanesulfonic acid. Kasali * demonstrated
that an operative methanol methanogenic pathway was present in fermenting refuse. thus
confirming the potential indicated in his radiotracer studies. Although the actual species
involved were not identified, it has been shown? that Methanosarcina barkeri and Methanocu-
cus mazei both effect this conversion. In landfill. the most likely sources of methanol are lignin
and the hemicellulose, pectin. Although different types of pectin may he recognized. essentially
the molecule consists of rhamnose and unbranched chains of «-(1 -4 glycosidicatly linked 1+
galacturonic acid units which are either partly or completely esterified with methanol. I tx
absence of oxygen, species such as Clostridium buryricum demethoxy late the polymer by as
of pectin esterases which split the methyl-ester bonds to liberate methanol.”" In landtiii the
potential exists that the sulfate-reducing bacteria and methunogens compete tor micthanon.
Kasali.” however, showed that in radiolabeled refuse core samples. methanol «as compietets
converted 10 methane. thus agreeing with earlier reponts for anoxic salt marsh sediments.

In addition 10 the three methanogenic substrates — acetate. bicarbonate and methanoi —
methylated amines have also been examined.” Methylated amines. which my be generared
either from the dissimilation of molecules such as choline. creatine, and betaine. or by bactenal
reduction of trimethylamine oxide.* have been shown to be significant sources of methane in
4 variety of anoxic ecosystems.™™ Although the methyl groups of trimethylumine and
monomethylamine have been shown* to be reduced to miethane by species such a Methane-
sarcima barkeri, Kasahi' was unable to detect 3 monomethylamine pathway i retuse core
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HEXANOATE

" sulphate
depletion
¢ H‘
FIGURE 1. Scheme for anoxic b bolism by an i ing ia-
tion, isolated from landfill.* in which the b bolizing species and sulfate-
ducing b ia or hydrogen-utilizing gens fc d obligate first-tier ia-
tions in the presence and absence of sulfate, respectively. These species together with
the methanogenic bacteria then constituted a second-tier association. The solid lines
P habitat domains, and the broken lines activity domains. Hydrogen utiliza-
tion was closely associated with the babitar domains of the first-tier associations,
h scetate causbolism was more promi in the second-tier interactions.*
{From Coutts, D. A. P., Senior, E., and Balba, M. T. M..J. Appl. Bacteriol., 62, 251,

1987.)

samples. Conversely, a trimethylamine pathway was detected, and this, together with the fact
that the molecule has been found 10 be present in landfill leachate,* suggests that this pathway
isoperative in landfill. In this situation the most likely source of trimethylamine is betaine, which
is a constituent of plant and animal tissues.

Although there has been a paucity of studies on refuse catabolism, it may be speculated that
it is only a matter of time before most, if not afl, of the methanogenic pathways ase confirmed

in landfill.

{ ‘ 119
B. METABOLIC REQUIREMENTS

Despite the great diversity of morphology, of the increasing number of both genera and
species of methanogenic bacteria, together with physiological and kinetic differences. these
bacteria do share unifying physiological and biochemical features® %364 gych as their high
substrate specificities and their unusual array of cofactors including coenzyme M *! Foo™Fo
and F,,,.** Other unique properties include the requirement for a low redox potential (<~150 mV
and. in some instances <-330 mV) the presence of coenzymes 7-methylpterin, methanopterin
(2-amino-4-hydroxpterine),* methyl-tetrahydromethanopterin, and methanofuran; the dis-
tantly related 165 rRNA compared with other prokaryotes; the differences in the common arm
of the tRNA; the absence of both D-amino acids and muramic acid in their cell wall; the lipid
components of phytanyl ether glycerols and squalenes; the low genome size; the absence of
quinones and the presence of cylochromes in only a limited number of cases; the possession of
anavel CO, fixation pathway;*><" and the presence of a possible phosphorus reserve material.™

Inaddition, these species have common growth requirements for inorganic sulfur.*'**" with
I mg/sulfide and 0.88 mM total sulfur required for methanogenesis from CO/H, and cellulose,
respectively;’ ammonia,’” which may be facilitated by formation of microbial associations with
amino acid-degrading bacteria;™ and trace elements such as iron, cobalt, and, more particularly.
nickel which is an essential component of the coenzyme F,, Although all of these requirements
are either present at refuse emplacement or are generated during subsequent catabolism. it is
possible that, with time, they may become limited.

Methanogenesis, with one exception,” requires a near neutral pH and although this.
according to Robinson and Maris,™ could be facilitated by the presence of ammonia. it has been
suggested” that there is a temporal separation of faity acid and ammonium productions in
landfill. This inference was, however, drawn from data of refative concentrations of fatty acids
and ammonium and not from a definitive experiment. Nagase and Matsuo™ have, in Fact.
presented good evidence to show that in anaerobic digesters microbial associations exist of
amino acid-degrading bacteria and methanogens. Thus, it may be speculated that similar
interacting associations could be present in landfill.

1. Production Constraints

Despite the availability of essential requirements. the landfill ecosystem does repsesent an
exiremely competitive and hostile environment to the methanogens (Figure 2).” Farquhar and
Rovers'? defined three groups of interacting factors (A, B, and C) which affect gas production
in landfill. Group A factors (temperature, aeration, moisture content. E,, pH. alkalinity.
nutrition, and toxic compounds) were regarded as features of the immediate microbial environ-
ment of the methanogens, within which gas generation occurs. These variables are not, howes er.
static, but change in response to both the Group B factor of infiltration and the Group C factors
of air temperature, atmospheric pressure, placement and cover, precipitation. topography .
hydrogeology, and refuse composition. OF all these variables, Farquhar and Rovers- speculated
that some control may be exerted during landfill design and operation on refuse compuosibon.
hydrogeology, topography, placement, and cover. As 4 result of developarents w retusc
handling and landfill practices. however, consideration should also be given o factors suct o
pretreatment, emplaced density. and exposure to air.

Within the refuse mass, interspecies competition is a major determinant since competition
with reductive-deaminating. nitrate-reducing, and sultite-reducing bacteria for common pre-
cursors, particularly electron donors, may be regarded as the major constraint of methans
production. Thus, in the presence of exogenous electron acceptors such as nitrate and sulfute.
sequential utilization (NO,” > §O* > HCO," is apparent. the actual urder of which may be
predicted on thermodynamic grounds according to the increment of energy liberated trom »
common electron donor as it is oxidized by each of the acceptors.” Predictions such as the e
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must be made with a degree of caution, however, since other factors, including kinetic .
considerations, substrate uptake, and subsequent transpor, all play key integral roles.
In addition to exogenous inorganic electron acceptors, many other chemicals may be present
in refuse to challenge, either directly or indirectly, methanogenic bacteria.'>** For example,
chemicals such as chlorinated hydrocarbons and detergents are directly toxic, as. 0o, are heavy
metals, although here the presence or absence of chelating or precipitating anions and the pH
regime must be considered. Despite the potential toxicity of heavy metals, it has been reported
by Ehrig®? that their presence in solid waste does not influence the sensitive methanogens 10 a
high degree.
Together with these constituents, products of refuse catabolism can also exent direct and

s ; § indirect inhibitory effects. For example, an extremely Jow partial pressure of the fermentation
i—’g\g product hydrogen must be maintained, by interaction of proton-reducing bacieria with obligate
h ¥ hydrogen sink bacteria,*>* to facilitate favorable thermodynamic conditions and, so, prevent

~—

el bm

accumulation of reduced organic acids such as propionic, lactic, butyric, valeric, and caproic
which could prove inhibitory, either as a concentration and/or pH effect. 10 subsequent catabolic
I processes, particularly methanogenesis. If the hydrogen sink is provided by sulfate reduction.
then the production of un-ionized hydrogen sulfide poses a direct toxic threat to methanogens
at concentrations in excess of 50 mg/1,>? although even the presence of nontoxic concentrations
may inhibit methanogenesis by precipitating essential trace elements. In the absence of sulfate.
however, sulfate-reducing bacteria may act as syntrophic acetogens. on intermediates such as
lactic acid or ethanol, by switching from sulfate reduction to hydrogen formation by proton
reduction.®*-*’ Finally, although methanogens have an obligate requirement for ammonia. the
concentration must be maintained below the minimum inhibitory value of 0.4 g1
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constraints in the landfill ecosystem.

C. METHANE FATES
Once formed, methane. which if not removed. may effect product inhibition.” potentially
f 3 may be reoxidized to carbon dioxide by sulfate-reducing bacteria.*” methanogens.* or aerobic
. methanotrophs'” prior to recovery (Figure 3).
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D. METHANE OPTIMIZATION :

According to Stearns and Wright* methane has a theoretical maximum production of 1.266
m’/kg refuse. although volumes as high as 0.450 m'/kg wet refuse as received have been
calculated by other workers.* Estimates like these are usually determined by use of an equation
such as the following:”
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is or other kinetic models.’ Thus, theoretically, the mineralization of paper should resultan *.
§ ; CH, and 49% CO, while the dissimilation of fat should give 1% CH, and 29% CO,. By using
= an equation such as this, then theoretical predictions of potential gas volumes may be made R ith
respect to changes in refuse composition. However. as discussed by Ham.* calculations of thi
type are based on a number of assumptions which are not valid in the refuse mass. Specifically.
assumptions are made so that (1) complete mineralization of afl refuse components results. - 2
two products only, methane and carbon dioxide. are formed. (3) a balance of substrates Jlj\l
nutrients is available at all times. (4) and no portion of the dissimilated refuse component: 1s
wtilized for cell synthesis. As a consequence. Ham™ suggested that a more realistic estimate for
recoverable methane was 0.047 m*/k g, with the discrepancy accounted for by a combinatic 7 of
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Recovery
r————-} Aerobic oxidation
(methanotrophs)

Anaercbic ¢———m———

reoxidation L » Angerobic reoxidation
{sulphate-reducing (methanogens)
bacteria)

Methane
FIGURE ). Methane fates in the landfifl ecosystem.

factors such as the production constraints and gas fates, discussed above, losses between
withdrawal wells or near site boundaries, and gas generation at times other than during active
refuse fermentation when gas recovery was unlikely. Ham® comprehensively reviewed gas
production rates from municipal refuse by examining 38 reports in which laboratory studies,
lysimeters, pilot-scale landfills, and test landfills were used to examine gas generation from
untreated refuse and digested refuse (with and without sewage sludge supplementation). Ranges
of estimated, measured, and theoretical rates were reporied as 3.7 10 190, 0.21 10 400, and §6 to
450 1/kg/year, respectively, from which Ham™ concluded that during the more active period of
methane production, a reasonable rate of generation would be between 3.1 and 37 1/kg/year.

Attempted optimization of methanogenesis by manipulation of a specilic site variable
necessitates a prior understanding of its function relative to the ecosystem as a whole. Thus, the
task of delineating the more important variables is complicated by the interactions between
them. According to White and Plaskett®! the optimum conditions for methanogenesis in landfill
are the following: a temperature range of 29 10 37°C; an absence of air; a pH range of 6.8107.2;
a moisture content in excess of 40%; and an absence of toxins. However, from the findings of
Boyle,” these ideal conditions are rarely found in landfill sites. Boyle* reviewed the results of
both laboratory studies and pilot-scale operations at the Palos Verdes, Sheldon-Arleta, and
Mountain View, U.S. landfill sites and concluded that the tandfill did not serve as an efficient
bioreactor for the following reasons: the moisture content was low; temperature variations were
wide, and normally suboptimal; stratification of compacted refuse was common, thus resulting
in pockets of biological activity; contact between the microorganisms and labile refx{se
components was inefficient; and gas production was unpredictable, due to landfill practices, site
characteristics, and cover.

Since, in many instances, any attempts to optimize methanogenesis within the refuse mass
must not interfere with the day-to-day operation of the landfill, the number of potential variables
for manipulation is limited to refuse composition and pretreatment, cxclu§ion of tox.ic or
inhibitory materials, nutrient addition, permeability and porosity, refuse density and moisture
content, temperature, pH and alkalinity, and microbial seeding.’

1. Refuse Composition and Pretreatment ‘
Refuse composition, as discussed by Ham,® is a major.determinant of both gas quality and

PO S P

rate of production.”’ Thus, aithough the concentration of generated methane is characteristically
within the range 50 to 70% (v/v), variations may be mediated by the degradation of specific
refuse components.* Similarly, the rates of gas generation will change in response to the lability
of these components.

Pretreatment strategies, motivated by economic factors, may similarly effect dramatic
changes. Milling, shredding, or pulverizing refuse all facilitate significant volume reduction and
confer homogeneity to the rather heterogeneous crude refuse. At the same time the absorptive
capacity of the refuse may be increased by a factor as high as three.* The net result is, thus, a
significant increase in the decomposition rate of the refuse within the landfill. de Walle et al.."
for example, demonstrated that particle size reductions from 250 to 25 mm increased the gas
production rate from 0.73 m’/t/year to 4.75 m*ft/year. Unfortunately. the major component of
this gas was carbon dioxide, and methanogenesis was only detected in pH-buffered unpulver-
ized refuse. Increased gas production rates in homogenized refuse may be attributed 1o a
combination of increased surface area, for extracellular enzymatic attack ***% and introduction
of oxygen, resulting in a shift in fermentation balance toward carbon dioxide. Methanc
production rates of 60 m’/t dry solids per year have, however, been obtained with pulverized
refuse,” although here the fermentation was made with pH control and a high solids concentra-
tion (42% w/w), with an inoculum of methanogenic bacteria.

2. Moisture Content and Refuse Density

Since according to Verstraete et al.” and Buivid et al, * the effects of moisture content und
compaction are interdependent, any division of these two parameters would seem to be purely
arbitrary.

One hypothesis, which is commonly held, is that stabilization of refuse within a landfill may
be accelerated by the controlled application of moisture.™ This is perhaps not surprising since.
clearly, the control of water infiltration is central to the modification of al) other interacting
parameters which directly affect microbial activity. The overall moisture content of a landfil] is
a function of the refuse moisture content at emplacement. the infiltrated moisture, and the
moisture generated by microbial catabolic activity. Moisture as un end product of microbil
determines the mixing, dilution, and flushing of the various refuse components. Thu:. the
presence of a high water content should enhance the general as aifability of nutrients und si-o
stimulate bacterial growth directly."”

For aerobic species, Dobson'™ demonstrated that a refuse moisture content of 60% resuited
in an elevated oxygen uptake rate compared with 40 and 80% poised samples. In a more
comprehensive study by Merz and Stone,' a steel tank (43.3 m*) was filled with approximatels
14 tonnes of refuse, prior to moisture content adjustment 10 41% (w/w». equivalent to an inplace
refuse density of approximately 374 kg/m*. The tank was then sealed and buried with ithe
temperature at ambient (26,7 £ 6.7°C). Although the initial gas production rate aas 0020 § L
d. after 60 d the rate had fallen to zero. At this point. the gross moisture COIMCEE A as et o
to 48% {w/w) with the result that gas generation recommenced and continued atan-as era
of 0.014 1/kg/d for the next 3000 d. Unforunately. no qualitative gas composinon data - -1
reported with this study.

Later, Rovers and Farquhar'* made a similar, but more realistic. study in which three ol
(Cl 1o C3) were filled with 2428, 2908, and 670 kg of refuse, respectively. Cells § and 2 were
maintained, unsealed, under field conditions and, as « conscquence. were exposed W maotsiure
inputs from rain and from melting ice and snow. Conversels., the third cell (C3) v as insulated.
maintained indoors, and supplied with artificial precipitation (75% distilled water. 254 wp
water). Cell Ci produced methane at a concentration of 17% tv/v). although tis was reduced

10 6% by the high infiltration conditions of the spring thuw . Conversely. Cell C2 produced no

methane. while cell C3. perhuaps surprisingly. produced only 2% 1v/vy methane. From tnese
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results the workers concluded that rapid infiltration could impede methane production in
landfills.

This distinction between moisture volume and infiltration rate was subsequently endorsed by
Klink and Ham,'® who demonstrated methanogenic rate increases of between 25 and 50% in the
presence of moisture movement and found that the relationship held even when the total
moisture content was constant. From the results of this study it was concluded that moisture
content and movement were separate variables affecting landfill methanogenesis. Leckie et al.%
similarly determined that continuous water infiltration of the refuse mass resulted in higher rates
of methanogenesis compared with single-addition controls, although further increases were
recorded in the presence of leachate recirculation. This later finding was, thus, in agreement with
the results of Klink and Ham,'™ who attributed the methanogenic rate increase to uniform
distribution of basic nutrients, methanogenic precursors, and pH.

Despite the number of studies made, the question of the percentage moisture content required
to facilitate optimum gas production rate and maximum methane content is still subject to
debate. de Walle et al.,' for example, determined in laboratory studies that water-saturated refuse
(99%, as dry weight) resulted in maximum rates, as did Klink and Ham.,'™ Similarly, Rees"
incubated refuse core samples under anoxic conditions at in situ temperature and showed that
the highest rate (300 ml/kg dry weight per day) was apparent in material sampled from below
the site water table. In addition, these samples were characterized by elevated amylase and
protease activities.'® Rees'™ also examined data from four reports and concluded that landfill
gas production was directly proportional to the percentage water content, although he had
speculated carlier™ that it was the logarithm of the rate of gas production which was directly
proportional to the percentage water content.

Conversely, Farquhar and Rovers'? demonstrated maximum gas production at moisture
contents between 60 and 80% wet weight. Similarly, de Walle et al.! recorded maximum
methane concentrations in the presence of a refuse moisture content of 78% and recommended
that landfills which were to be used for gas production should be maintained at a moisture
content in excess of 75%, but below 100%. This moisture regime was, however, somewhat
higher than the 55% reported by Rees** 10 be a contributory factor to the success of the Aveley
(U.K.) landfil] site as a methane generator.

Kasali® used laboratory refuse columns, fitted with graduated gas collection vessels, at
ambient temperature (20.5 10 28.5°C) to examine the effects of six moisture regimes (55, 60, 65,
70, 75, and 80% w/w) on gas evolution. After 95 d of incubation, the total volume of gas
recovered from the samples was highest with the 75% moisture content, while the lowest was
recorded with the 55% sample (Figure 4). Similar results were also observed for methane
production alone (Figure 5). These results were, thus, in agreement with the data of Buivid et
al.” which showed that methane production increased as the moisture content of the refuse was
increased to field capacity.

From Kasali's results® it was apparent that as the moisture content was raised above 60%.
the resultant increase in methane production started to decline, thus suggesting that this discrete
moisture regime satisfied the physiological requirements of the methanogens. Since, as noted
by Buivid et al.,” moisture promotes the mass transfer or the distribution of other methanogenic-
enhancement precursors, it may be speculated that once such distributions were optimized, then
elevated moisture contents, approaching field capacity, would be of little value since both gas
and methane evolution rates would be independent of the moisture regime.

In addition to these interdependencies, it is possible that large water additions may also
introduce oxygen, thus delaying initiation of methanogenesis, and may also stimulate aci-
dogenesis (Figures 6 and 7) to the detriment of the initially low and slow-growing methanogenic
population.* These two possibilities offer a partial explanation for the lower volume of methane
generated at the 80% moisture level than at the 60% (Figure 5). Similar results were reponed
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FIGURE 4.  Cumulative volumes of gas evolved from ambient temperature (20,510 28.5°C. mean
24.3°C} labaratory landfill models™ in which refuse poised at discrete morsture comernts ot 85¢
60 (@3.65 (2D, 70 (M), 75 1A). and B0% (A) (w/w),

by Buivid et al.” who also found a substantial decrease in methane production when the mosture
content of municipal solid waste was increased above field capucity 1o 80

Although it is difficult to extrapolae laboratory results to actual sites. which are otien
characterized by leachate migration, it may be speculated that to1al waterlogging, pamvularls
during the initial stages of refuse emplacement, could be inhibitory, so that floaded sies or fills
exiending below the water table may not provide optimum conditions for methane generation.

Together with these studies of the gross effects of moisture on the refuse methanogenic
fermentation, Marriott'’ optimized the fermentation moisture indices between 55 and 60% 1w/
w). Calculation of activation energies in luboratory studies' have indicated. however. thit the
overall reaction rate is chemically controlied and, as such. is not subject to diffusional mass
transfer limitations in the presence of high moisture contents.
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FIGURES. Cumulative vol of methane evolved from ambiens temperature (20.5 10

28.5°C. mean 24.3°C) laboratory landfill models® in which refuse poised 3t discrete moisture
conteats of 55 (D), 60 (@), 65 (), 70 (W), 75 (A), and BO% (A) (wiw).

In addition to the gas production rate changes discussed above, moisture additions can also
mediate significant changes in the refuse fermentation balance. In the presence of low moisture
regimes, the solid-state fermentation of refuse has been shown to result in the formation of
carboxylic acids and gases,'™ including hydrogen,'®'® Here, the moisture content of the refuse
can either directly affect the growth of the acidogenic bacteria, and thus regulate the production
of acids, or, by diluting the acids formed, facilitate pH and acid concentration changes within
the microenvironment and, thus, indirectly, affect microbial growth.

Kasali*? used pulverized refuse in sealed flasks, maintained at ambient temperature (22 10
27°C), to examine the effects of six discrete moisture contents (55, 60, 65, 70, 75, and 80% w/
w) on the fermentation balance. Afier 7 d of incubation, a clear patiern had emerged with
increased moisture contents mirrored by increased “total” organic acid (acetate, propionate, and
butyrate) concentrations (Figure 7). This picture was also repeated for each of the three
individual organic acids. These results were thus in agreement with those of Ghosh,'"® who
reported that considerable improvements in a refuse acidogenic fermentation were apparent
when the moisture content was increased from 40 to € 60%. As the fermentations continued,
however, the pattern became less clear. In addition, a stepwise sequential mode was apparent.
From stoichiometric considerations, this mode could not be accounted for by changing rates of
methanogenesis and was more likely due to either cessation or retardation of acidogenesis due,
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mean 24.2°Ch from refuse samiples poised at discrete mosture Jontent- o 3. ) - . @
65 €. TO (), 75 (3. and 807 (A IW/w
possibly. in part to product inhibition."""''* Ghosh™ abvo recorded 5 Slepw ise sequential

acidogenic refuse fermentation and attributed it to the preterential mewabolism of a parucular
organic fraction with sequential induction and synthesis of adaptive enzymes. In the study ot
Kasali,”* however, the stepwise sequence of acidogenesis appeared to be a function of the
moisture content and not the refuse per se since the phenomenun was not recorded in the $3¢ -
poised samples.

It is intesesting 10 note that maximum concentrations of the individual aonds —- acetate.
propionate, and butyrate — were recorded at different moisture contents of 739 1 Tweehs s,
11 week), und 60%. (4 weeks), respectively. Examinanon of the individuai acuds. Iwveoier,
showed that consideration of these maxima atone oversimplitied o somicw hat compu.aied




‘128 Microbiology of Landfiil Sites

{=101AL * CARBOXYL IC ACID] (MG/G DRY W 3CHT RETUSE)

11 (MEKS)

FIGURE7. Changes in concentrations of “tolal” organic acids (acetate, propionate.
butyrate) at ambient emperature (22 to 27°C, mean 24.2°C) in refuse samples poised at
discrete moisture contents of 55 (O), 60 (@), 65 (1), 70 (W), 75 (A), and 80% (A) (w/w).

picture. Thus, although maximum acetate concentrations were recorded in the refuse after 3
weeks of incubation for the 70, 75 and 80%-samples, maxima for the 55, 60, and 65% moisture
levels were not recorded until the fourth week (Figure 8). Similar pattemns were not, however,
apparent for either propionate or butyrate.

Despite possible complication by the intermittent appearance of isobutyrate, isovalerate,
valerate, and caproate, in general, the pH profiles mirrored the “total” organic acid (acetate,
propionate, butyrate) profile.

During the course of the experiment, the trends in methane generation from the different
moisture-poised refuse samples did not appear to follow any predictable or systematic patiemn
(Figure 6), although after 3 weeks of incubation, methane production had increased with
increased moisture content up to the field capacity of 75%.

In the presence of elevated moisture contents the ratio between methane and carbon dioxide
often progressively increases in favor of the former and is, in part, facilitated by the differential
solubilities of the two.*> Ramaswamy'*? used milled (particle size 2 mm) synthetic refuse (25%
wood, 50% paper, 25% dog food) to examine the effects of three moisture contents (30, 60, and
80%) on the methane contents of the generated gases. Maximum methane content (S8.8% v/v)
was found in the presence of a moisture content of 80% with progressive reductions recorded
at both 60 (34.6%) and 30% (4.2%). These results were subsequently criticized by Hartz''* on
the grounds that the refuse composition and particle size distribution were not representative,
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In particular, the dog food would have provided high nitrogen and phosphorus s slues comgared
w ith typical refuse.

Although it is now generally accepted that controlied water additions may be made 10
enhance methanogenesis within the refuse mass. it must be recognized that such additions mas
alvo introduce problems. For example, rapid infiliration. as discussed carlier. may impede
methanogenesis,'"” possibly due 1o a combination of cooling™ "*** and increasing the redox
potential which may, in turn, dramatically change the termentation bulance. Although a number
ot workers! ™1 have reported that increased refuse density tends to decrease gas production.
the bases of the interactions between moisture content. compaction. and emperature ars mol
clearly understoad. Verstraete et al.™ reponed that when refuse morsiure contents were raised
in increments of 10 up 10 65%. the impacts for low density +0.25 vm’) were more pronounced
thun for compucted refuse (0.8 t/m*) and concluded that these ditTerent effects were due to higher
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bacterial mobility, which, in tum, promoted hydrolysis and methanogenesis in the former.
Conversely, Rees'™ reported that density exerts a differential effect depending on the moisture
content of the refuse. Under conditions of a constant moisture content (21%) a density increase
from 0.32 to0 0.47 1on/m’ was found to result in a gas production increase from 410 to 845 ml/
d/kg dry refuse. Conversely, when the refuse densities were fixed at 0.2, 0.32, and 0.47 ton/m?,
prior to saturation with water, then 2530, 2100, and 1260 m! gas per day per kilogram dry refuse,
respectively, resulted. The observed discrepancies in this study were equated with water
availability to the microbial species. Subsequently, Ehrig*? showed that a density increase from
0.7 10 | ton/m’® resulted in the absorptive capacity of refuse decreasing from 100 to 24 I/ton.

Finally, Harmsen*’ examined gas production from sites of different ages and found that in a
9-year-old landfill, in which the refuse had been subjected to compaction, methanogenesis had
notestablished, whereas in a 2-year-old site, where compaction had not been practiced, methane
production was already evident.

3. Temperature

The effects of temperature elevation on the generation of landfill gas have been examined by
a number of workers'\12779396.116-119 and have been shown to result in gas production increases,
particularly over the temperature range of 30 to 35°C.! Verstraete et al.,* for example, in
laboratory model studies, demonstrated that a temperature clevation from 22 1o 33°C was
accompanied by a gas production rate increase of 70%.

In the refuse mass, the actual temperature attained is determined by a number of factors such
as microbial metabolism (aerobic and anaerobic) which, in tum, is directed by the dry density
of the emplaced refuse, the specific surface area, the refuse composition and availability of
electron acceptors, the landfill water content and temperature, heats of neutralization, and the
addition of solar energy, all of which are balanced by heat loss both to the atmosphere and the
surrounding soil.”” Landfill temperature fluctuations in response to long-term air temperature
variations have been reported by Rovers and Farquhar.'® The workers found that in a Canadian
(southern Ontario) landfill, the annual average temperature at a depth of 1.22 m was 12°C. with
seasonal fluctuations between 2 and 21°C. Perhaps more importantly, it was also shown that
even within the psychrophilic range of temperatures methanogenesis occurred.

Rees* reported that at the Aveley (U K.) landfill, which is particularly reactive in terms of
methane generation, temperatures at 2.1 m below the surface were not markedly influenced by
ambient temperatures during the winter months and remained relatively constant ar 25°C.
Subsequently, the temperature was shown to rise to 33°C during the summer. Atdiscrete depths
of4.7 and 7.1 m, however, the temperatures continued to rise smoothly by 5°C over the 5-month
winter period, to reach a plateau of 43°C during the summer. Thus, it would appear that deep
sites are more likely to maintain temperatures favorable for methanogenesis.

Hartz et al.'® examined the impacts of temperature variations, over the range of 21 t0 48°C.
on refuse from four different sites, Two approaches were used: short-term residence, with seven
different temperatures, and intermediate-term residence, with two temperatures. In this study,
the optimum temperature for methanogenesis was recorded at 41°C, and no evolution was
detected between 48 and 55°C. Conversely, in anacrobic digesters, methanogenesis has been
shown to result at temperatures between 48 and 65°C when the refuse was digested at a solids
concentration of <5%.1242 Similarly, Zinder et al.'?* demonstrated the thermophilic digestion
of municipal refuse in laboratory experiments.

Rees” reported that, in temperate climates, in the presence of a refuse moisture content of
55%, sufficient heat could be generated to raise the temperature of the refuse mass above 30°C
in a year. Rapid temperatuse increases are, however, often associated with aerobic metabolism
since the succession to anaerobiosis can result in temperature reductions.'> Merz and Stone'*
used test cells to examine the effects of aeration on refuse temperature profiles and found that
in the absence of aeration an initial peak temperature of 43°C was followed by temperature
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reductions to between 25 and 30°C. In the presence of aeration. however. a iemperature peak of
71°C was recorded which subsequently decreased to near 49°C.

A comprehensive laboratory study of the effects of temperature on refuse methanogenesis
was made by Kasali.”» Glass columns, which contained refuse poised at a moisture content of
60% w/w, were used to examine these effects over a period of 14 weeks. At a temperature of
55°C, gas production (mainly carbon dioxide) was apparent during the first 7 d of incubation.
although subsequently only extremely low rates of generation were detecied. Conversely.
although taking somewhat longer to develop, active and continuing gas generations were
recorded with the 40°C (4 d), 30°C (3 d), and ambient temperature (14 0 22.5°C) (17 d»-
incubated samples. Although the cessation of gas evolution from the 55°C-incubated sample
was accompanied by a pH fall from 7.210 5.7, reinstatement of a near neutral pH. by the addition
of 10% (w/v) sodium bicarbonate, did not result in a resumption of gas generation. In a second
experiment, which involved temperature manipulations, Kasali** determined that the tempera-
ture of 55°C had exerted a time-dependent bactericidal effect. These results were thus in
agreement with those of Hartz et al.,'** who also observed cessation of gas production at 55°C.

Direct comparison of the results of these two studies with those of Pfeffer.'** Cooney and
Wise,'?" and Zinder et al.' are, in fact, difficult to make since although similar temperature
ranges were used, the [ast three studies were made at low solids concentrations and with externat
inocula of methanogens. )

Kasali** also determined cumulative concentrations of both biogas (Figure 9) and methane
(Figure 10} during the incubation period. Although similar trends were obtained for the two,
different patterns of gas evolution rates were apparent. Mean biogas evolution rates of 402, 987,
and 3020 mi/kg dry refuse per day were calculated for the ambient, 30. and 40°C-incubated
samples, which corresponded with methane concemtrations of 171. 302, and 1210 ml-kg dry
refuse per day.

Although accurate rates of gas evolution in situ are difficult to measure. Rees* reported
values of 323.6 and 126.7 ml/kg/d for total gas and methane, for the Aveley (Li.K.) landfill.

The most universal method of recording the effects of temperature on microbiological
reactions is by application of the empirical Arrhenius relationship:’

K=Ae o

Hanz e al.""* transposed this equation into the togarithmic torm. differentiated with respect to
temperature, and integrated within the temperature limits o obtain the following:

K, Ea(T,-T)
m - = —
K RAT T

in which K, and K are the methane evolution rates at temperatures T, and T.. respectin iy
degrees Kelvin (273 + °C); E, is the energy of activation. in calories per mole: and R is the o
constant (1.987), in calories per degree Kelvin per mole. The units of K, and K are correctes
10 standard temperature and pressure (STP), cancel with E,, having units of culories per iole o)
methane produced at STP. From this equation the workers calculated energy of activation
values. indicative of the relative ease of product formation and. therefore. velocity of reaction.
for refuse methanogenesis in short- and intermediate-term residence studies. With the former.
E values of between 22.4 and 23.7 kcal/mol were calculated. whereas for the fatter. the
cc‘)rrcsponding values were between 18.7 and 21 .8 kcal/mol. From these results it was concluded
that minor temperature changes mediated only minor microbial population shifts.

de Walle and Chian*® also examined methane recovery from refuse and calcubated an &
value of 14.5 kcal/mol of methane produced, over the temperature range of 17 to 26°C. This
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result was in close agreement with the determination of Kasali® where an E_value of 14.8 kcal/
mol of methane was recorded for the temperature range of 18.7 to 30°C. In the latter study
reaction rate coefficients and Q,, values were also reported. Kasali*? showed that by raising the
temperature from ambient (18.7°C) to 30°C the reaction rate constant more than doubled, from
0.07 t0 0.17/d, while a further temperature elevation to 40°C resuited in a dramatic increase to
0.51/d. This optimal temperature for methanogenesis was thus in close agreement with the 41°C
reported by Hartz et al.}'®

Although over the temperature range of 18.7 to 30°C refuse methanogenesis (Q,, 2.33) was
shown by Kasali** to behave according to the Arrhenius model, whereby reaction rates double
for every 10°C rise in temperature, a second temperature increase, from 30 to 40°C, was
accompanied by an approximate tripling (Q,0, 2.98) of thie rate. These results were, however,
in agreement with those of Stuckey,'® who reported that in methanogenic fermentations the
Arthenius relationship is only valid within a temperature range of 15 to 35°C.

Together with evolution rate changes, temperature inicreases can alsoeffect dramatic changes
in gas composition. Kasali,” for example, measured the methane content of a 55°C-incubated
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FIGURE 10. Cumutative vol of hane evolved from laburatory tandlill modens
ained at ambi pers (1410 22.5°C. mean 18.7°Cridy, 300 D and 400 C . @, All
refuse samples poised at a discrete moisture comtent of 605 (wiw g
refuse sample at 1.1% (v/v) which was in general agreement with earlier results- - mer.

methane concentrations of 44.6 and 0.9% (v/v) were recorded with temperatures of 255 i
453°C, respectively. From these results it is apparent that emperatire increases cat, siledt
dramatic fermentation balance changes. Kasali™ examined this phenomenon by incutuating
refuse samples at ambient (18.7). 30, and 55°C prior 10 quantitative reduced organi acid
analysis. Marked increases in the concentrations of ucetic. propionic. fsobutynic. aenaleri.. and
caproic acids were apparent in the 30°C-incubated refuse compared w ith the ambient iempera-
ture samples, despite comparable final pH values of 7.45 and 7.4, respectively. Alan incubauon
temperature of 55°C, however, dramatic concentration reductions were recorded despite an
initial pH fall 10 5.7. From these results it was apparent that, although methanogenesis was
inhibited at this temperature, acidogenesis was initially operative with the overall concentration
reductions accounted for by solventogenesis (methanul. ethanol, acetone. propanc.. and
butanot).

According to Holt e1 al."™ batch solventogenic fermentations of carbohydrite-containing
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media by Clostridium acetobutylicum, characteristically, proceeds in two distinct phases. In the
first (acidogenic) phase, carboxylic acids are produced, which mediate pH reductions, while in
the second (solventogenic) phase, solvents are produced and, as a consequence, the pHrises. The
results of Kasali®’ also suggested a similar two-phase fermentation panern.

4. pH and Alkalinity

In refuse, although methanogens play key roles, both direct and indirect, in the removal of
the products of acidogenesis, they arc present in very Jow numbers in recently emplaced
material. As a consequence, high initial fermentative activity can lead to the accumulation of
high concentrations of reduced organic acids which lower the pH to the detriment of the
methanogens. This pH can, however, in many instance, be obviated by the microbial generation
of buffering capacity. Carbon dioxide, for example, which is an end product of both acrobic and
anaerobic mineralization, plays an important role in the buffering of refuse due to its solubili-
zation to form carbonic acid. In the presence of alkaline earth carbonates, which may be present
in the sealing soils, carbonic acid reacts to form alkaline earth bicarbonates and, in the presence
of iron, iron bicarbonates, thus resuiting in an increase in alkalinity.

Other microbiological reactions which may contribute to the buffering capacity of refuse are
the reduction of sulfate to hydrogen sulfide, and the reduction of nitrate to nitrogen or
ammonium. For both these reductive processes carbon dioxide is also generated. Sulfate
reduction can lower the pH due to the concomitant generation of H*:

SO,* + 2CH,0 — HS" + 2HCO, + H’ (4)

Conversely, the production of NH," provides a sink for H-, and this prevents the establishment
of an acidic environment.'® Since nitrate reduction is energetically more favorable than sulfate
reduction,'' then, on an equivalence basis. the former process should dominate.

a.pH

Bookter and Ham'** determined the pH values of refuse samples obtained from test
lysimeters of known age and compared these with freshly shredded material. Average pH values
0f6.9,6.9,4.4,and 5.3 were recorded for fresh, 1,6, and 9-year-old refuse samples, respectively.
Of these, methanogenesis was apparent in the 1 -year-old refuse, while the 6-yeur-old sample had
i erratic history of methane production and manifested a pungent odor of hydrogen sulfide.
Unfortunately, no data were reported of methanogenesis of the 9-year-old refuse.

Rovers and Farquhar'® also used test cells to examine the effects of excessive infiltration on
gas production and found that although carbon dioxide was produced, methane was not. Initially,
the pH remained near 6.0, but later fell to 5.5 and was accompanied by reductions in both
bicarbonate alkalinity and ammonium ion cogcentration.

Kasali®® used laboratory refuse columns (fitted with gas collection systems), poised atinitial
discrete gross pH values, by the addition of deoxygenated phosphate buffer to moisture field
capacity (78.8%), to examine the effects of pH on refuse methanogenesis at 30°C. Cosrespond-
ing anaerobic cultures were also initiated in closed bottles to examine solvent and carboxylic
acid metabolisms. In all, five discrete pH values, 5.3, 6.2, 7.4, 7.7 (distilled water control), and
8.3 were used. The choice of a phosphate buffering system was made after first establishing that
the refuse was not phosphorus limited.

During the first 2 weeks of fermentation, total gas evolution rates increased as the initial pH
of the refuse increased; thus, maximum rates were observed at a pH of 8.3, while the lower rates
were recorded for pH values of 6.2 and 5.3 (Figure 11). As the fermentation progressed.
however, dramatic changes became apparent. Thus, with the exception of the control and. to 4
lesser extent, the sample poised at pH 6.2, where gas evolution rates continued above the initial
rates, declining rates became apparent. Kasali”® also measured the total volumes of gases
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FIGURE 11. Gas evolwion rate changes trom 30- C-mamtined faboratony fandiill models i
which refuse samples poised at discrete pH vidues 01 5.3 20 6.2:@0. 741 4. and 5.3 B by 0.2
M phosphate baffer additions, and 7.7 ¢ v by glass-distitled *Cater addbtions o retuse et
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evolved and found that they were in the order pH 7.7 11033, 6.2166.%). 8.3 41 3y, 2.0
and 7.4 (16.3 1/kg dry refuse).

The trends in the rates of methane evolution (Figure 12) were very similar to those uf the ot
gas with maxima and minima recorded at pH values of 7.7 and 7.4, respectively. Perhaps not
surprisingly, the least methanogenic sample exhibited the highest concentration of carboss lic
acids, while the most methanogenic sample had the lowest concentration. Unlike the rates of
1o0tal gas evolution, however, with the exception of the pHl 7 4-poised sample. the rutzs ot
methane evolution progressively increased to levels which were higher than those vbserved
during the first 2 weeks of incubation before subsequently declining. 1tis mteresting te aote.
however, that at the end of the incubation period the highest rate of methanogenc s wasres rded
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FIGURE 12. Meth lution rate changes from 30°C-maintained laboratory landfiil mod-
els” in which refuse samples poised at discrete pH values of 5.3 (), 6.2(®), 7.4 (Q),and 8.3
(I8), by 0.2 M phosphate buffer additions, and 7.7 (A ) by glass-distilled water additions. to refuse

field capacity (78.8% w/w).

with the pH 6.2-poised sample, although at this point the gross pH had risentopH 7.3.Once again
the total volumes of methane evolved followed the same pattern as the total volumes of gases.
The percentage methane contents of the evolved gases were also affected by the set pH values
and, in addition, were found to vary with time in all samples. As would be anticipated, for all
samples the lowest percentage concentrations of methane were present during the initial stages
of fermentation, while the highest were recorded at the end of the incubation period. Although
dramatic variations were seen in the methane contents of the cvolved gases from each of the five
treatments, the average percentage methane contents followed the patiern established for the
total volumes of gases and component methane, with the maxima and minima recorded at pH

values of 7.7 and 7.4, respectively.
Time course profiles of carboxylic acid metabolism in the same refuse samples showed that
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FIGURE 13. Changes in concentrations of “1otal” organic acids tacetate, propionate. ine-butyrite,
butyrate, isovalerate, valerate, caproate) at 30°C in refuse samples poised at discrete pH salues of
5.3(2). 62181, 7.3(, and 8.3 (W), by 0.2 M phosphate huffer additions and 7.7 13+ by plass.
distilled water addition, 10 refuse field capacity (78.8% wiw i Al concentrations .- frected i
subtraction of time-zero concentrations,

in the first 2 weeks of the fermentation, maximum concentrations were recorded in the swnples
poised at the lower pH values (Figure 13). As the fermentation entered the fourth week, however.
this pattern changed until, by the sixth week, the “total™ carboxylic acid content was highest in
the samples poised, initially, at pH 7.4, while the lowest "total™ concentration was detected in
the control samples. Although comparison of Figures 12 and 13 shows that at corresponding
discrete times there was an approximate inverse relationship between methunogenest- and
“total” carboxylic acid concentrations. direct analogies cannot be made since the latter represen
u balance between acidogenesis and acidotrophy.

As a consequence of this, lime-course profiles of individual reduced orguie acds are
difficulrto interpret, although some interesting observations were reported. Foracetate. atter the
first 2 weeks of fermentation, the highest concentrations were recorded in the initiatly neurai-
or alkaline-poised samples. For propionate, however, the detected concentranons appeared 1o
pantition themselves with respect to pH. Essentially, the highest concentrations were recordedd
with the pH 7.4- and 8.3-poised samples. Intermediate concentrations were detected in the ph
6.2 and control samples. while the lowest concentrations were recorded with the pHl5.3-paised
retuse. These groupings were. in fact, maintained throughout the incubation peniod whivh fed
Kasali** to speculate that propionate metabolism was a function of propionogencsis which was
strongly influenced by the initial pH vaiue. Examination of the butyrare profiles showe.d that
during the first month of fermemation the control and pH 6.2-poised samples. which exhimed
methanogic activities during this period. were characterized by high concentrations o) thi- aoid
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FIGURE (4. Changes 1n concentrations of “total” solvents (acetone, methanol, ethanol,
Lé b 1) at 30°C in refuse samples poised at discrete pH levels of 5.3

prop prop
(0),6.2(®), 7.4(D). and 8.3 () by 0.2 M phosphate buffer addition, and 7.7 (4) by glass-
distilled water addition, to refuse field capacity (78.8% w/w).

For caproate, in general, the higher concentrations were recorded with the samples poised at the
lower pH values. Finally, very liule quantitative variations, with respect to pH. were found for
isobutyrate and isovalerate. and. with the exception of the pH 8.3 treatment, a similar picture
emerged with valerate.

Kasali®* also examined the intluence of pH on alcohof and ketone metabolism in domestic
refuse. After an incubation period of 14 weeks, although no alcohols or ketones were detected
in the pH 5.3, 6.2, and control samples, acetone (0.95 mg/g dry refuse) and propanol (4.54 mg/
g dry refuse) were detected in the pH 7.4 and 8.3 samples, respectively. Kasali’’ then monitored
time-course profiles of the individual alcohols (ethanol, methanol, butanol, propam?l,. and
isopropanol) together with acetone overatime period of 6 weeks. Summation of these individual
concentrations showed that afier an incubation period of 2 weeks, the total solvent concentra-
tions decreased in the following order of the initial pH values: 6.2, 8.3, 5.3. control, and 7.4
(Figure 14). This pattern, however, changed by the fourth week until, by the sixth week of
incubation, the total solvent concentrations decreased in the following order: control, pH 6.2,
5.3,8.3, and 7.4. Throughout the 6-week study, comparatively the lowest total concentrations
of solvents were systematically detected in the pH 7.4-poised samples. From this study, as a
consequence of the presence of solvents in all the samples assayed, together with qualitative and
quantitative changes observed inresponse tochanges ininitial pH, the speculation was made that
solventogenesis was an important carbon and electron flow pathway in the overall refuse
fermentation.

Of the six solvents detected, only ethanol and propanol were present in every sample,
particularly in the samples poised initially at acidic and alkatine pH values. Conversely, butanol
and methanol were detected only in the pH 5.3 and 6.2 sampfes, while acetone was present only
in the control and pH 7.4 samples. Finally, with the exceptions of the controf and pH 8.3 samples.

the remaining samples were found to contain isopropanol.
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According to Datta and Zeikus,' the production of acetone ofters the organism a mechanism
for recycling coenzyme A (CoA) without using reduced nucleotides or generating protons.
Thus, when the reduced nucleotide pool is increased in proportion to CoA. the organism
switches away from the acetone pathway in favor of, for example. ethanol and buryrate
generation. In the presence of near-neutral pH regimes. optimal glycolysis is favored. Conse-
quently, optimal growth of the neutrophilic solventogens results, thus, possibly. mediating CoA
recycling through acetone production. )

In the acetone-butanol-cthano! fermentation, between 75 and 78% of the electrons in the
carbohydrate substrate are found in the solvents, of which butanol accounts for between 30 and
55%. Of the remainder, the nonsolvent products (cells, hy drogen, ucetate. and butyrate) avcount
for between 20 and 25%, with the major portion of these (11 10 15%) in the form of hy drogen
gas."”’ Thus, of all the reduced end products, butanol production requires the presenc'c of the
most reduction energy.

From the overall results of Kasali's study,* it was apparent that pH treatments mediated a
two-phase response in the refuse methanogenic fermentation. In the initial phase, the raes of
methanogenesis increased as the applied pH increased. This trend, however, drastically changed
during the subsequent phase(s) of the fermentation as acidogenesis and solventogenesis
continued to exhaust the buffering capacities of the applied pH treatments.

Inan actual landfill, Rees* recorded a transient accumulation of fatty acids. at an approvimate
concentration of 5000 mg/dm*, in conjunction with a pH of 5.4. Since this site was methanogeni-
cally active, however. within a period of 2 months the pH progressively rose to 8.4 aith a
concomitant reduction in the fatty acid concentration to <20 mg/dm*. These data were tahen (o
indicate thatan active and wel-established methanogenic population could tolerate and fun.tion
at much Jower pH values in the landfill ecosystem than they could either in monoculture or in
full-scale anaerobic sewage sludge digesters.

Despite the absence of definitive studies of the specific effects of pH on the inlerziated
processes of methanogenesis, solventogenesis. and acidogenesis in refuse. speculations may be
made on the mechanisms operative.

Itis now recognized that high concentrations of carporylic acids and fow ph regims
inhibit methanogenesis in anacrobic digestion processes. ™ although the me.nanism
yuantitative aspects of this are not fully resolved. Weak acids. such as carbovy e acids., o ftuse
rapidly through miicrobial membranes'™ according 10 the pH. When added 1. jarge vieomes,
however, these acids dissipate the ApH by acting as uncoupling agents or prownophures. In
neutrophilic anaerobic bacteria the internal pH is mintuined more wlkatine than the miciom.
aithough pH reductions are seen as the external pH becomies more avidic, As g consequeiiee 01
this reduced internal pH. inhibition of pH-sensttive cellulur reactions results. and. thus. ¢rowth
and fermentation cease.'!!

Jarrell and Sprot'™ examined the effects of externar pt on the intraceitular pH - - 1w
neutrophilic methanogens, Mcthanospirillum inngater GP L and Methanobacoraamther
totrophicum, and found that under a neutral external pH regime. no transmembrane pH ;e
existed. When the external pH was reduced below neutrafity. however. the ongmally so.siine
intracetlular pH was found to decrease. The workers also examined cytoplasmic penetriaticns of
propionate and butyrate in the presence of external pH regimes ot 3.8, 0.3, ana 3.0 and tound
highest internal concentrations at pH 5.8 with total absence at pH 8.0. Conversely . methy Lamine
penetration was apparent for cach of the three discrete pH values. From these resulis itmay be
concluded 1hat the ability of carboxylic acids to influence the intracellular pH. and. the-. the
metabolic activity of methanogens, depends first and foremost on their potential 1o penetritz the
cells, This penetration, in tum, depends on both the affimity of the methanogens tor the speaific
carboxylic acid(s) and the pH of the microniche. IF it 15 assumied that the toxici: of carp. i
acids to methanogens is. essentially. due 10 the aciditicanon of the microbial - oplasm. tnen ot
all the carboxylic acids geaerated in refuse. acetate, as s major methanogemc -aisteate. <sould
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exert the most predominant toxic effect at all possible pH values. In landfill, acetic acid is
quantitatively the major carboxylic acid.*** Accumulation of carboxylic acids, with a resultant
lowering of pH, has been shown to first siow and then inhibit acidogenesis in refuse.''® In
anacrobic ecosystems where methanogens are active, however, end product inhibition of
acidogenesis does not occur because a favorable pH for the acidogens is maintained by the
methanogens which utilize acetate and facilitate the dissimilation of other carboxylic acids by
serving as electron sinks for acetogenic proton-reducing bacteria.

In addition to the pH changes mediated by the interactions between methanogens and
acidogens, solventogens also play key integral roles, since it has been suggested' that
solventogenesis, which involves the formation of neutral molecules from acids, is a neutraliza-
tion mechanism which is triggered when the environmental pH falls.

The activities of solventogenic organisms in batch anaerobic fermentations may be divided
into two phases. In the first, rapid growth results in the formation of organic acids, and the pH
declines. In the second phase, solvents are formed at the expense of further substrate consump-
tion, and, in part, the acids formed. The net results are a small increase of pH and, ultimately,
cessation of growth.'?? Although the factors of solvent synthesis in this latter stage are not fully
defined, it may be speculated that

Low pH .

Toxicity of high concentrations of acids

Inducement of a shift from a high energy conservation efficiency in ATP formed to a much
lower value of that efficiency

4. A high partial pressure of gaseous hydrogen'”’

s -

are all key components. According to Roos et al.,'® solventogenesis is predominantly regulated
by the availability and demand for biosynthetic (ATP) and reduction (NADH,) energy.

Anacrobic solventogenesis is a characteristic of neutrophilic clostridia'* which are stressed
by both acidic and alkaline pH regimes and, as a consequence, necessitate ATP-dependent
maintenance of a pH gradient. Thus, pH values outside the optimal range for metabolism and
growth impose an additional ATP demand. According to J&bses and Roels."’ the switch from
acidogenesis to solventogenesis may be indicative of failure of the acetogenic metabolic
pathway, which is the most efficient from the point of view of ATP generation, to provide
sufficient energy dissipation for growth. Although the microorganisms and mechanisms
involved in the degradation of solvents in landfill are not yet known, a number of reports have
been made on other anoxic ecosystems. Thus, it has been shown that in addition to methanogene-
sis, discussed earlier, methanot may be converted to acetic acid, by species of Clostridium, or
10 acetate, butyrate, and caproate, by Eubacterium limosum."*'* However, it is not yet known
whether the non-methanogenic species or the methanogens are the stronger competitors.

In anoxic freshwater sediments Desulfovibrio spp, have been shown'*! to be the predominant
ethanol-degrading bacteria. In this ecosystem Desulfobulbus propionicus was shown to ferment
cthanol to propionate and acetate, while propanol and butanol were converted to propionate and
butyrate, respectively. From these results, it is apparent that alcohols are primarily converted 1o
farty acids, and, as such, both the production and subsequent degradation of the solvents are
likely to cause pH fluctuations in anoxic ecosystems.

Once again, the partial pressure of hydrogen is an important determinant of degradation.
Thus, for example, the dissimilation of ethanol is energetically favorable at a partial pressure of
approximately 0.15 atm, while the corresponding degradations of reduced organic acids' suchas
butyrate and propionate require partial pressures of 2 x 1072 and 9 x 103 atm, respectively.'”?

b. Alkalinity .
In the eventuality that high initial fermentative activity resuits in the accumulation of reduced

organic acids in refuse, an overall fermentation deceleration may then be mediated.*>**'* In
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order o establish a stable methanogenic fermentation in refuse it hus. therefore. been sug-
gestedY” that buffering substances such as lime. calcium carbonate, and sodium bicarbonate
should be added. This is, perhaps, not surprising since leachate from an acidogenic-phase
landfill has been shown to have a pH of 5.7 and a bicarbonate content of 17 mg/l, while
corresponding values for methanogenic-phase leachate were 7.0 and 12.000 mg/.¥* Sodium
bicarbonate additions have been used 10 maintain favorable pH values in fermenting refuse
samples and, as a consequence, increase gas production.”** Ehrig™ also examined the effects
of alkalinity on gas production from refuse and reported that an acetic acid:alkalinity ratio <0.8
was required before methanogenesis was initiated.

In addition to neutralization, afkali additions. which may represent significant cost factors,”
may also result in alterations to the chemical structures and composition of refuse compo-
nents."** Thus, for example, in the presence of calcium carbonate, methanogenesis has been
shown to increase® due to a combination of pH elevation in conjunction with a precipitation of
potentially toxic heavy metals.'4

Kasali* used 30°C-maintained laboratory columns (fitted with gas collection systems)
which contained refuse supplemented with deoxygenated sodium bicarbonate (1. 2.5. or 5% w/
v) to field capacity moisture content (77% w/w) to examine the influence of this chemical on
refuse methanogenesis. Corresponding anaerobic cultures were also initiated in closed bottles
to examine the effects of sodium bicarbonate on acidogenesis. The initial pH values of the
solutions used (1, 2.5, and 5%) were 8.8, 8.5, and 8.3, respectively. although after addition the
gross pH values of the refuse were 7.2, 7.3, and 7.7. respectively. A distilled water control «pkl
7.0) was also included which resulted in a refuse pH of 7.). The observed pH reductions a~ the
concentration of sodium bicarbonate was increased may be accounted for by increased carbonic
acid formation as the bicarbonate concentrations of the solutions increased:

NaHCO"—-a Na* + HCO, 5
HCO, + H,0 - H,CO, + OH 1J
HCO - CO- + H- i

Refuse supplementation. however. could possibly have resulted in an interaction between the
carbonic acid and the refuse carbonates, and, thus, bicarbonate formation. General consumption
of this bicarbonate alkalinity would, thus, have effected a pH reduction.

Gus evolution was monitored over a period of 92 d. and it was found that in the presence ol
sodium bicarbonate additions (1, 2.5, and 5% w/v solutions). the 1otal volumes of gases evvived
increased by factors of 2.5, 3.2, and 1.5, respectively, compared with the distilled-water control.
Of these. however, only the first two concentrations effected metivane volume incressces
Although these results possibly indicate that 5% tw/v) sodium bicarbonate exens a differenna
effect on methanogenesis and acidogenesis. it 1s also possible that 3 component of the g
evolved was chemically derived:

NaHCO = H* = Na” + H.0 = CO, X

This possibility appeared to be supported, in pan, by the gas composition data. which showeuy
that the average methane contents of the evolved gases were 53.5.70.3, 71 4. and 42.7%. which
corresponded to sodium bicarbonate concentrations of 0, 1. 2.5, und 5% w/v. respectively. These
concentrations were, however, somewhat lower than the 8%8% recorded by Ghosh.'™"

For each of the three sodium bicarbonale treatments. during the first 6 weehs of incubation.
gas evolution rates were generally higher than the control. and it was only atter this point that
in the presence of the 5% solution, deceleration was evident (Figure 131 A similar picture was
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FIGURE 15. Gas evolution rate changes from 30°C: d fabx y fandfill mod-
els® in which refuse moisture contents adjusted to field capacity by addition of 1 (0), 2.5(®),
and 5% (Q) (w/v) sodium bicarbonate solutions, and glass-distilled water (8).

also apparent for methanogenesis (Figure 16). The calculated geometric means of the methane
evolution rates were 0.1, 0.51, 0.62, and 0.12 I/kg dry weight per day for the 0, 1, 2.5, and 5%
sodium bicarbonate-treated samples, respectively.

During the course of the experiment, fluctuations were seen in the potentially inhibitory
effects of the 5% sodium bicarbonate-supplemented sample, possibly as a consequence of
chemical changes mediated by acidogenesis. A possible factor here was the presence of sodium
ions, since it has been shown'*? that at a concentration of 14 g/l, a 50% reduction in refuse
methanogenesis was effected.

In the study of Kasali® the concentration of sodium ions added, in excess of background
refuse concentrations, approximated to 14.5 g/1. Thus, since acidification of refuse by carboxylic
acids increases the jonic strength, it would be expected that as acidogenesis progressed the
ionization of refuse sodium salts should have increased, thus leading to a general increase in the
total concentration of free sodium ions. In this eventuality, refuse cation toxicity would be
regulated by the concentrations of carboxylic acids. 3

Partial support for this hypothesis was gained from the observation that inhibition of
methanogenesis was coincident with total carboxylic acid concentration increases in the 5%
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FIGURE 16. Methane evolution rate changes from J0°C-maintained laboratory landfil) .
models’ in which refuse moisture contents adjusted 10 field capacity by aaddition of 11 )y,
2.5 (@), and 5% () (w/v) sodium bicarbonate solutions. and glass-distitled water 1R,

sodium bicarbonate-supplemented samples (Figure 17). Results from actual landiills. howes 2r.
have shown that methanogenesis was the major process controfling acidotrophy .** ** Thus. any
determination of the effects on sodium bicarbonate additions could best be made during the eariy
stage of the refuse fermentation when methanogenesis was minimal. From Figure 17 it can be
seen that during this phase, acidogenesis was inhibited in the presence of 5% sodium bicarben-
ate. With time, however, the total concentrations of acids rose, and these were at the expense ol
methanogenesis,

Kasali® also examined the concentrations of individual reduced organic acids tacetatz.
propionate, butyrate, isobutyrate, isovalerate. valerate, and caproate) during the course of inc
fermentation. In the first 2 weeks highest acetate concentrations were detected in the | and 2.5 .
sodium bicarbonate-supplemented samples, which suggested that the alkali enhanced aceio
genesis. Once again the concentration of sodium bicarbonate appeared to be critical sinee
inhibition was seen in the presence of the 5% solution. As the fermentation continued. howes er,
progressive increases in the cancentration of acetate were apparent. which suggested that the rate
of acetogenesis was faster than the rate of acetotrophy. This pattem was not repeated with
propionate since throughout the course of the experiment the highest concentrations were
detected in the 1%-supplemented samples followed by the 2.5%. coincident with the highest
rates of methanogenesis. For butyrate, increased concentrations were, in general. recorded in the
presence of increased methanogenic activity. This was, perhuaps, not surprising since buts ric
acid bacteria also produce hydrogen, and, as such. butyrate production would be < pected (o be
profoundly influenced by the partial pressures of hydrogen in the sumples. Similar patterns or
increased concentrations of acids in the presence of elevated rates of methanogenesis W erc 2.0
apparent for isobutyrate, isovalerate, valerate, and caproate.
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FIGURE {7. Changes in concentrations of “total” volatile fony acids facetrate,
propi yrate, butyrate, isoval , val p ) at 30°C in refusc samples
adijusted 1o moisture field capacity by addition of 1{0). 2.5 (@), and 5% () {w/v) sodium
bicarbonate solutions, and glass-distilled water (). All concentrations corrected by
subtraction of time-zero concentrations.

Finally, Kasali® determined the gross pH values of the refuse columns after a total incuba?ion
period of 92 d and recorded values of 8.0, 8.3, 7.9 and 7.2 for the 1, 2.5, and 5% sodium
bicarbonate and distilled water-treated samples, respectively. Since these pH values were higher
than the initial pH values of the samples, Kasali* concluded that the refuse was capable of
generating additional alkalinity as the fermentation progressed. In addition to refuse columns
the importance of alkalinity has also been demonstrated in completely stirred tank reactors
maintained under anoxic conditions.*** In these fermenters highest gas yields were recorded with
an alkalinity of 16 g CaCQOj per kilogram total solids. From the results of this study it was
concluded that in the presence of low alkalinity, fatty acids would accumulate at the expense of

methane.

S. Role of Hydregen . o
Although optimization of refuse methanogenesis by hydrogen control is not, as yet, a realistic
option, it is worth considering the important role of this election donor. In anaerobic environ-
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FIGURE IX. Changes in concentrations of methane evolved 1n the presence o imitiss s head
spaces of oxygen-free nitrogen ¢ D1, hydrogen (@), H/CO 1xt: 2001y, and H,COUN oS85,
1 I}

ments where methanogenesis occurs, hydrogen is rarely detected despite the presence of large
numbers of hydrogen-producing organisms."*” From metabolic studies. which involved the
coupling of methanogens with hydrogen-producing bacteria, the concept ol interspecies
hydrogen transfer was developed whereby molecular hydrogen was thought o pass trom
hydrogen-producing species to methanogens. ™ Although. theoretically, the termmal methamn
genic step could be the key rate-controlling process in anuerobic decomposition. microbicsogs
cal investigations have shown that sulfate reducers consume hydrogen in sullite-containing
environments and, as a consequence. limit the availability of 1his substrate 10 methanogens =
Thus, the presence of hydrogen in anoxic ecosystems can invoke variaus reactions which ool
inhibit or stimulate methanogenesis.

Kasali'! used sealed bottles, which continued pulverized refuse of 33% cw/w) munsture
content. to examine the effects of hydrogen. cither alone or in combination with other gases. un
refuse methanogenesis and acidogenesis at 30°C. In all, four gases/gas mixtures were used:
HJCO/N, (10:5:85); H,/CO, (80:20y; H,; and oxygen-frec nitrogen (OFN).

After the first week of incubation, all the hydrogen-supplemented samples exhibited
stimulation of methanogenesis in comparison with the OFN-treated controls (Figure 18, thus
agreeing with the results of a similar study made with luke sediment. ™" The apparent sumula-
tions of methanogenesis in presence of 80 and 100% H. continued until the twentieth duy .
which point comparable concentrations were also recorded with the controls. A posable
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explanation for this could be found if the added hydrogen stimulated methanogenesis from
H,/CO,, but inhibited methanogenesis from acetate which was assumed to be the key methano-
genic substrate in the control samples. Due to acetogenesis in the refuse, the acetate pools should
have increased with time and, as a consequence, effected increased rates of methanogenesis. In
the hydrogen-supplemnenied samples, however, the hydrogen concentrations should have
decreased with time, thus limiting the rates of methanogenesis from H,/CO,. Labeling studies®
have, in fact, shown that carbon dioxide was rapidly reduced to methane in the presence of
hydrogen with little acetate used before hydrogen exhaustion. Although it may be speculated
that the addition of hydrogen 10 acetogenic samples should have resulted in the accumulation
of acetate, Kasali®® found no evidence of this. According to Wolin,'*? the theory of interspecies
hydrogen transfer predicts that under conditions of high partial pressures of hydrogen, anaerobic
metabolism is altered such that the fermentation is characterized by a decrease in substrate
utilization, an increase in concentrations of reduced fermentation products such as propionate
and longer-chained farty acids, and a decrease in the concentrations of oxidized end products
such as acetate. The results of Kasali® were in agreement with these predictions since both
propionate and hexanoate accumulated in the hydrogen-supplemented samples, although the
concentrations decreased with increasing concentrations of hydrogen. These results, therefore,
suggested that the increased concentrations of hydrogen inhibited the generation of reducing
equivalents within the samples. Evidence for this possible inhibition of glycolysis was found
with the acetate concentrations, which decreased as the concentrations of hydrogen increased.

Thus, it appeared that high concentrations of hydrogen inhibited both methanogenesis from

acetate and heterotrophic acetogenesis. The inhibition of glycolysis should have resulted in a -

reduced raie of carbon dioxide production. Thus, it may be speculated that in the presence of
100% hydrogen, which exhibited the lowest glycolytic activity, the rates of methanogenesis
from H,/CO, were limited by the decreased production of carbon dioxide. Figure 18 does, in fact,
show that in comparison with the H,/CO, (80:20)-treated samples, the 100% hydrogen-treated
samples exhibited decreased productions of methane.

Figure 18 alsa shows that. in comparison with the control samples, methanogenesis was
reduced in the presence of H/CO/N, (10:5:85). The 2:1 ratio of HJCO, offers a possible
explanation for this since the production of 1 mol of methane from H_/CO, requires the reduction
of 1 mol of carbon dioxide by 4 mol of hydrogen. Thus, it would be anticipated that hydrogen
exhaustion wotld have resulied in excess carbon dioxide, particularly if this gas was aiso
generated, which, in turn, would have inhibited methanogenesis from acetate.'

In addition to these possibilities, sulfate reduction could also have been operable. Hox.vever.
since the samples were found to have a mean total sulfur content of 0.04 mmol/g dry weight, it
is unlikely that their effects were significant. Although in sediments low in sulfate, su'lfate-
reducing bacteria have been shown to degrade propionate and longer-chained fatty acids to
acetate,'™ similar results were not reported by Kasali.”? In this latter study the major influence
of hydrogen was on the methanogens, which led Kasali? to speculate that methanogenesis was
the major hydrogen sink in anaerobic refuse metabolism.

6. Effects of Carbon Dioxide and Methane

“The inhibition of microbial metabolism by fermentation end products is well documented.'**
Thus, for example, it has been reported that refuse acidogenesis and methanogenesis are
inhibited by a combination of high concentrations of carboxylic acids and the resultant If>w pH
values.*1"® However, although the labile carbon fraction of refuse is ultimately mineralized to
carbon dioxide and methane, the influence of these two gases on the refuse fermentation has
received little attention. It is apparent that carbon dioxide and methane both flux out of landfill,
provided that the gas pressure in the refuse mass exceeds the atmospheric pressure, aithough the
thickness and permeability of the cover material may be limiting factors here. Asa consequence
of the latter, it may be predicted that carbon dioxide and methane are always present within a
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fermenting refuse mass. Hansson*** made a literature review of the effects of these two gases on
methanogenic fermentations and concluded that, with the exception of methanogenesis from H/
CO.,, carbon dioxide exerted inhibitory effects on methanogens. Unfortunately, no reports
regarding inhibition by methane were found, and the degrees of inhibition mediated by earbon
dioxide at different pressures were not known.

Kasali* used sealed bottles, which contained pulverized refuse of 55% (w/w) moisture
content, to examine the effects of carbon dioxide and methane on refuse methanogenesis and
acidogenesis at 30°C. In all, four gases were used: OFN {control), CO,, CH.. and CH /CO.
(60:40). Duplicate samples from each treatment were then incubated either at utmos;;herié
pressure or under a head-space pressure of 0.6 bar (8.5 psi). for a period of 27 d. At this point
the samples were assayed for total volumes of methane evolved and carboxylic acids.

The presence of carbon dioxide alone was found 10 have effected a 98% reduction in the
i stady o nhe s of b i oo e i el o

v oncentrations of acetale were
?ls? apparent together with increased concentrations of butyrate and caproate. This apparent
inhibition of acetogenesis was also reported by Hansson."** who recorded slight retardation of
acetogenesis from butyrate but total inhibition from propionate in the presence of high
concentrations of carbon dioxide. The increased concentrations of butyrate and. more particu-
larly, caproate could be explained by the theory of interspecies hydrogen transter.!” whereby
under conditions of inhibited methanogenic activity, these reduced acids act as hydrogen sinks.
and their degradation is inhibited by high partial pressures of hydrogen.

Although the results of Kasali® suggested that methane generation from H./CO. in refuse was
inhibited by high concentrations of carbon dioxide, these findings vontrasted with those of
Hansson and Molin,'*? who found no inhibition. It must be noted, however, that in the latter study
the inoculum used was obtained from a sewage sludge digester and the substrate examined was
glucose. In addition, the hydrogen partial pressure was regulated by interaction between the
methanogens and sulfate-reducing bacieria.

The mechanisms by which carbon dioxide inhibits methanogenesis are not vet knuwn,
although it has been speculated’® thut the inhibition may be due o the raising of the ream
potential. A second possibility is that carbon dioxide dissolves in the cell membranes
methanogens and impairs membrane function by increasing its fluidity. In zither of these
erentualities, then, both hydrogen- und acetate-utitizing methanogens would have been innib-
ited. In the study of Kasali® the presence of methane supplementations resulted in fermentation
balance changes such that elevated concentrations of acetate. propionate, rsobuty rate. buty rate.
valerate, and caproate were recorded. The one exception was isovalerate, where a sligntly
reduced concentration was detected. Although, under the conditions of this experiment
acetogenesis was not inhibited. it is possible that reduced methanogenesis may hive resulted.

In the presence of CH /CO 160:40) elevated concentrations of acelaie. fsobul rate. but rate
and caproate were again reported. but not propronate. fsovalerate. and valerate. By ncres- i
the headspace gas pressures by an approximate factor of tw o, fermientation balunce changes wore
once more apparent. In particular. methunogenesis in both the OFN- and CO -treated samipie-
approximately doubled. Although an explanation For this was not readily apparent. itis pos~:pic
that the elevated pressures increased the phase transfer of substrates to the methanogen..
Despite this stimulation. however. the CO.-supplemented samples still exhibited u '
inhibition of methanogenesis. in conjunction with increased concenirations of butyrate., vater-
ate. and caproate, but not acesate. compared with the OFN-treated controls, From these resatts
Kasali* speculated that the clevated pressures had only affected the reaction rates. witi, e
actual effects of the gases on reluse metabolism unchanged. Suppont for this possibiliny aas
tound in the concentrations of acetate which were fower than in the corresponding amcicat
pressure treatments, possibly due 10 increased methanogenic activity.

It it is accepted that high partial pressures of carbon dioxide can inhibit methanogene-2-n
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refuse, then the carbon dioxide “blooms”, which were assumed by Farquhar and Rovers!? to
occur typically in landfill, could exert adverse effects on methanogenesis. Further evidence for
this was gained from the study of deWalle and Chian,'® who were unable 10 establish
methanogenesis in refuse samples which developed such “blooms™. Similarly, Rovers and
Farquhar'® observed that in a refuse cell where the carbon dioxide concentration reached 90%
by volume, only 2% by volume methane was found after an incubation period in excess of 5
months.

E. SITE STRATEGIES

Despite the number of studies made, small-scale laboratory experiments do not appear to
simulate accurately the in situ situation.’ However, from these studies it may be speculated that
control of gas production, by manipulation of a single site variable, may result in additional
operation constraints and, in addition, mediate uncontrolled changes in other factors.'*? Despite
the claim by Rees™ that the landfili fermentation can be controlled and directed by judicious
manipulation of water content, thermal regime, and refuse density, so that refuse carbon
compounds may be wholly converted to methane and carbon dioxide, this statement appears to
be extremely speculative, particularly when one considers the significant lignin content of
refuse.

Landfill site practices, which must not interfere with the day-to-day running of the site, to
promote methanogencsis within a refuse mass have been described by Rees™'™ and Steg-
mann," In the strategy developed by Rees'® the suggestion was made that a first lift of low
density (0.35 ton/m’) refuse, diluted with material such as wood, paper, pulverized or acrobically
stabilized refuse, should be placed at the base of the fill and allowed to decompose aerobically
toeffect both a temperature increase and the generation of water. Subsequently, controlled water
additions should be made to a discrete site areato the base of the fill via a central well and atlowed
to rise at a rate of between 1 and 2 m/year, thus maintaining the acetogenic and methanogenic
phases in balance and also preventing excessive cooling. Rees” speculated that high rates of gas
production would preclude the diffusion of air into the refuse mass with the cover material an
important factor here. The suggestion was also made'"” that in temperate climates an insulating
layer of refuse of approximately 4-m depth should be present above the reactive zone, fqr which
the start-up could be promoted by the addition of anaerobic digester sludge, to minimize heat
loss to the atmosphere. o

The site operation advocated by Stegmann'®! essentially utilized the same microbiological
principles as that of Rees." An initial noncompacted aerobic Iaycr was again advocated for a
period of between 6 and 9 months. Following this, the suggestion was 'madc that the refuse
should be compacted in low layers over large areas and supplemented with recycled lcacha'te.
The major difference from the Rees'® strategy was the building of the tandfill as a mound with
a sealed base. . )

For both of these strategies, control of the site water balance'"* is a critical factor to obviate
abstraction difficulties which may result through partial flooding of extraction wells* due to. for
example, the presence of high water tables.

F. ALTERNATIVE GAS GENERATION STRATEGIES
As an alternative to landfill gas generation, anaerobic digestion of refuse or landfill leachate

may be considered. Before biomethanation of refuse, which is only possib‘lc in'the presence of
a high putrescible content,” pretreatment may be required to reduce the Pamclc size and separate
the organic fraction.'? Naveau'®’ examined various pretreatment f)ptuops and concl}:ded that
crushing with a ball mill at elevated temperature was the most effective withrespectto increased
biogas yield. As an alternative to this, an initial composting slcp' OF enzyme pretreatment was
advocated. Earlier, Ghosh and Klass' described a strategy which invoived the coarse shredding
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and air separation of the organic fraction prior to fiberization 10 a product with a median size of
0.6 mm and a moisture content of 6%. The material was then mixed with sewage studge ataratio
of 80:20. Supplementation with liquid manure or sewage sludge 10 maintain the C:N:P ratio
around 100:5:1 has also been advocated by many workers. 97135134161 165-170 Finally, thermo-
chemical pretreatment may be made after sewage sludge addition.'” Although prior to 19835 the
only full-scale operational plant was located in Sao Paolo, many laboratory and pilot-scale
reactors have been described!!57125:143140.162-164166- 18172177 iy y hich the yields change (8010320
m'/t organic matter)'®* according to the digester configuration. Both batch and continuous
fermentation systems have been described and have included unstirred and completely stirred
tank reactors (CSTR)"* and plug tflow systems, In addition to these single-stage systems. iwo-
stage and two-phase bioreactors have been described. A two-phase digestion process was first
described by Ghosh et al."™ In this treament, fiberized refuse was digested in the presence of

- sewage sludge. Later, Augenstein et al.'™ proposed a two-phase system with recycle in which

a packed bed reactor was linked with a nonbiological activated carbon system as the second
phase. With the development of the UASB (upflow anaerobic sludge blanken), however. the
activated carbon system was replaced by an upflow reactor.'™

Pauss et al."** compared the biomethanation of refuse in a two-step process with the. often
unreliable, CSTR. In all. the study was initiated with four objectives:

To examine the unreliability of biomethanation in a CSTR and the factors which catise it
To correct unreliability by use of physicochemical additives

To develop a more efficient process

Toexamine the feasibility of refuse biomethanation in the presence of sepuic tank resdues

Rl adi Sl

From the results of this study it was concluded that the content of refuse is particularfy
important since optimum biomethanation was only apparent in the presence of 16 g CuCO _per
kilogram total solids. With refuse of low alkaline content it was shown that Na.CO, supplemen-
tation stabilized the process. A second key component was found (o be the cellulosefhenicel-
lulose which necessitated a minimum COD refuse content of approximately ¥ Foh o
minimize the lag period and 10 etfect high methane production i batch culre. By use ot a1 o-
step process (percolator reactor plus uptlow digester). however. higher loading rates (seventold:
could be accomodated, and these resulted in concomitant higher methane production rate-
{fivefold) compared with the CSTR. In a second two-stage reactor tpercolation reactor plus
fluidized bed digester) improved performance. compared with the CSTR. wan amnn recorded.
Finally. biomethanation of domestic refuse in the presence of septic tank restdue proved 1o be
more reliable than biomethanation of refuse alone.

Later. Naveau et al."™ reported the development of three provesse:

A completely-mixed water diluted process
A semidry process
A “dry” process

- ty —

The final, “dry”, process may be operated ona semicontinuous 0f continuous bists. In France.
for example, a semicontinuous process for the dry fermentation of 4 precompost ohredded
refuse after a short aerobic decomposition stugej has been investigated. 7 A similar process hus
been developed in Belgium where yields of 60 m'/t refuse and 90 m '/t of precompost hine been
obtained with bioreactor retention times ot 2 and 3 weeks. respectively.

Whichever combination of biorcactor configuration. treatiment process, and operation
strategy is adopied. however, consideration should be given to the puiential problem ot sludge
dewatering.
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Unfortunately, the costs of this alternative energy recovery process are often more expensive
than those associated with gas abstraction from landfilled refuse. In addition, the actual volumes
of refuse involved could prove to be problematic.

Tomaximize gas recovery from landfill leachate would necessitate in situ inhibition of refuse
methanogenesis. This may be accomplished by rapid elution of the refuse mass with either water
or recycled leachate, thus resulting in the production of high concentrations of reduced organic
acids which, in um, would also lower the pH to the detriment of the methanogens. By
manipulation of leachate production in this way consideration could also be given to the
solubilization of molecules such as lignocelluloses by promotion of acid hydrolysis, which
would then reduce the current protracted stabilization periods and, thus, allow the land to be
retumed to positive usage more quickly. One possible problem would be the solubilization of
toxic heavy metals which could prove to be troublesome in the digester and, thus, necessitate
a pretreatment stage.

By use of anaerobic digesters such as upflow bioreactors and fluidized beds, the methano-
genic fermentation could be controlled by loading rate adjustments and, so, match energy
production with industrial demands, in terms of both quantity and time periods, and this would
be reflected in the digester configuration, Since leachate quality varies with time, a series of
digesters would be required. the number of which would initially mirror the size of the site but
would be reduced as the leachate concentration fel). This strategy would have the advantages
that holding-tank storage would be minimized and the modular digesters could be moved from
site to site as required. As an aliernative, centralized digesters could serve a number of sites.
although leachate transportation costs might prove prohibitive.

G. GAS ABSTRACTION, TREATMENT, AND USES

Over the last decade interest in gas recovery from landfill has increased considerably. with
the U.S. leading the way with 81 facilities (>80% of which are owned by private sector
companies) either on line or in the planning stage by 1984."* The European community has not
been slow to respond 1o this challenge, however, since the two sites in operation in 1980 rose
1o at least 36 in 1983." In the U.K. alone it has been estimated that there are at least 669 landfills
which are capable of producing enough gas to generate useful amounts of power. Landfill gas
abstraction is now truly global. with recovery practiced or planned in countries such as Brazil.
Canada, Switzerland, and Japan.

According to Steamns, > gas recovery in the U.S. has been practiced on sites which vary in size
from 3810 1214 acres (average 160), although Bogardus’ later reported an extended range of 15
to 1500 acres with an average site size of 169 acres. In the U.K. the sites are somewhat smaller
with the largest (Aveley) 25 ha and the smaliest (Bilham Grange Fanm) only 4 ha. Character-
istically, refuse depths in these sites have been between 20 and 300 ft with an average of 100 fi.t
Feasibility of commercial gas extraction is often based on the satisfaction of specific site
criteria:’ | to 2 million 1 of in-place refuse; an average refuse depth of 40 ft;, an active fiil area
of 40 acres; a refuse intake of 400v/d; the landfill either recently closed or, preferably, still active:
and a market for the gas in close proximity.

1. Abstraction ‘
One method commonly used for recovering fandfiil gas is pumping from recovery wells

which are linked to vertical or horizontal perforated pipes.'*!* Abstraction is, however, often
preceded by indirect determination of gas production rates by methods such as those dc.scribed
by deWalle and Chian'™ and Recs'™ rather than the much more valid radiotracer technique.™
The development of an effective gas abstraction system necessitates experimental evaluation of
a number of factors including:

1. Selection of a withdrawal rate that can realize gases with maximum (and approximately
constant) heating values

{' a 131

Establishment of adequate pressure gradients 10 assure scavenging of landfill gases
without interference with adjacent wells

3. Optimization of the energy requirement for gas withdrawa)

4. Determination of the numbers and locations of gas wells

12

In order to achieve these goals, a test well and supporting monitoring wells must be drilled and
a series of static and short-run tests made 1o evaluate landfill pressure profiles (static and
dynamic), gas composition and heating values. and constancy of withdrawal rates.*

Typically, vertical wells are sunk into the refuse by boring or punching. Perforated pipes are
then placed centrally within these and each annulus filled with granular material such as gravel.
crushed stone, or broken brick. The upper portion of each pipe is unperforated. und here the
annulus is filled with a sealing material such as concrete, bentonite, or polyurethane foam. The
wells, usually sited between 100 and 150 m apart; are then connected by horizontai pipes which
are usually of polyethylene, or polyvinyl chloride (PVC) material.!** Altematively, car tires
may be used."*® Pumps*'¢"*** may then be applied to establish 4 pressure gradient within the
landfill and thus facilitate gas flow into the wells which are fitted with control valves. As an
alternative. blowers'®' may be applied 10 increasc the recovery efficiency. At this stage care must
be taken to ensure that the negative pressures created do not effect atmospheric gas penetration
of the soil cover.” In this eventuality aerobic environments would be created which not only
would be detrimental to methanogenesis, but also would result in the generation of concentra-
tions of carbon dioxide which would reduce the calorific quality of the abstracted gas. To
minimize these potential problems Vestraere et al.* suggested a maximum drain overpressure
of <0.5 mbar.

As an altemnative to the vertical wells, perforated pipes may be placed horizoatally and
connected in a grid-like network. This type of abstraction. however. which is often used in
shallow sites, necessitates that the landfills be built up to the finished level, with due regard 1
settlement, as quickly as possible. The area of working is. therefore. restricted which. in um.
cun make the laying of the wells more difficuli. A third alternative for gas collection s
pols ethylene dome coverage. of a specific site area. which was evaluated by Maoss ™ inseiaw
lysimeter studies. For site operation, however, sealing problems exist. In addition. 1he costs are
high. although, as yet, no comparable Figures are available for the three different collection
methods.

The actual choice of gas recovery sirategy is. however. often made on the basis of whether
refuse emplacement is still in progress.'™

2. Treatment and Storage

Once recovered, landfill gas may be subjected to treatment™” = pnor to use Gas cleaniny
techniques include dehydration. to remove condensate und reduce corrosion and adsorp. i
liquefaction and adsorption. 10 remove carbon dionide und hydrogen sulfide: ad partie i
removil. A number of gas purification processes are commiercrally uswlable and i e haa o
use in the petrochemical industry.

Although landfill gas production could be relauvely constant with file shortgern criac 2
utilization could. nevertheless. be subjectto changes. Thus, consideration shouid e ginven s i
following:

1. If gas production exceeds demand. intermediate gas ~torsge is not reguirsd. alte, 2
considerable loss of gay may be anticipated.
It gas production is low er than peak demand. gas storsge may be necessitaind wopn

[

Las usage.

In principle, only high-grade gas mixtures, with mimmis oxy gen contents, stivaid he e sl
U ntortunately, compression containers are unsuitable for <toring fandfill gas due tothe Lacz i
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the critical temperature of methane (Tk = ~82.5°C) is too low for liquefaction at réom
temperature. Thus, suitable compression containers would require endurance pressures >200
bar.

3. Gas Uses
Once the feasibility if gas abstraction is established, consideration should be given to
methods of effective exploitation which may include:

. Direct use of low Btu gas with minimal cleaning (a) injection into existing natural gas
transmission lines (b) delivery to adjacent interruptable gas consumer (c) on-site genera-
tion of electrical power

2. On-site cleaning to high Btu gas for direct pipeline use (= 100% methane)

3. On-site conversion of methane to liquified natural gas

4. On-site conversion of methane to methanol

Landfill gas, with a low Btu of 400 to 700 per standard cubic foot,'** has been used as a low-grade
fuel, for example, 10 fire brick, and cement kilns, raise steam, and heat green-
houses.™1+- 1648182484119 Since minimal cleaning is required, this represents a low capital
investment. Alternatively, the gas may be injected directly into a natural gas transmission line
after dehydration and possible removal of toxic components to obviate potential corrosion
problems. Direct gas use for electric power generation™ ! 141919} hag been demonstrated at, for
example, the Sheldon-Arleta landfill, Los Angeles, where a substantial recovery of net energy
was made. Unfortunately, in inany cases, the conversion efficiency may be as low as 30%.'

Although purification to upgrade the gas, to give a Btu of 900 1o 1000 per standard cubic foot
may require substantial investment in capital equipment, the gas may then be injected directly
into pipelines.”'* Alternatively, the gas may then be liquified (300 1b psi)'*® for fuel.’++1%
although since the costs involved are relatively high, this technology may be limited to sites with
high gas deliverability. Finally, consideration may be given (o conversion to products such as
methanol and chemical feedstock.” hydrocarbon fuel replacement, and coal replacement. of
which the latter two have conversion efficiencies of 95 and 85%. respectively.'*

Whatever the final use, however, the benefits of the energy produced may be maximized by
usage atthe landfill, although where industries are established to take advantage of this. then due
consideration should be given to possible problems, such as gas seepage and land setile-
menLl')l.l‘H
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