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Abstract

A landfill typically progresses through a series of microbial degradation phases, in which hydrolysis,
production and consumption of fermentation products, such as fatty acids, and methane formation play
important roles. For ultimate degradation of the waste, stable methanogenic conditions have to be attained,
and maintained for sufficient time. Using experimental data from 100-L landfill simulation reactors con-
taining municipal solid waste from a residential area, a distributed model, which accounts for vertical water
flow, was developed. As a first step, the waste was divided into two fractions: readily degradable and
recalcitrant waste. Secondly, the general hydrolysis of the recalcitrant waste was accounted for by including
a specific, well-defined chemical substance in the model that generally occurs in Municipal Solid Waste
(MSW) and is hydrolysed before its further degradation to methane. For this purpose we chose diethyl
phthalate and its hydrolysis product monoethyl phthalate, for which leachate data are available from the
reactors. The model indicated that inhibition of the hydrolytic and methanogenic processes occurred
during the acidogenic phase and that it could be overcome either by improving the chemical environment or
by the complete oxidation of the inhibiting, i.e. the easily degraded, fraction of the waste. The generality of
the model was confirmed by the patterns of the phthalate di- and monoester transformations obtained. The
validity of the model was further confirmed using experimental data from parallel reactors, which were
subjected to either leachate exchange with an already methanogenic reactor or to initial acration to force
the reactor into stable methanogenic conditions.

Introduction second acid fermentation phase, during which fer-

mentation products, e.g. volatile fatty acids (VFAs)

Biodegradation of municipal solid waste (MSW) in
landfills is a complex and variable process. Landfills
develop distinctive microbial ecosystems (following
the gradual infiltration of atmospheric precipita-
tion) via complex biotic and abiotic interactions
between the site and the waste (Chynoweth & Pul-
lammanappallil 1996). After landfilling, the waste
generally passes through a typical series of phases
(Christensen & Kjeldsen 1989), the first of which
leads to the depletion of oxygen and, thus, to a

and alcohols, are produced and may appear in the
leachate. The acid fermentation products decrease
the pH to below 5. Since the VFAs are readily
analyzed, they are often used to monitor the pres-
ence of fermentation products during anaerobic
digestion. In the following text, VFA should
therefore be regarded not only as estimates of VFA
levels per se, but also as indicators of the general
occurrence of fermentation products. During the
third and longest period in a microbiologically
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active landfill, pH is neutral or slightly alkaline and
methane is produced at a high and stable rate.

The different degradation processes are not
definitive, since dynamic variations in the envi-
ronmental conditions result in changes in their
distribution and rates within the landfill. For
example, during certain circumstances, the acid-
formers may outgrow methane-formers, which can
lead to acidification and cessation of the anaerobic
digestion process (Barlaz et al. 1989). Vavilin et al.
(2003) have formerly modelled the conditions un-
der which there is virtually complete VFA con-
version to methane in the methanogenic zones,
based on data acquired from experiments where
waste was incubated in 2-1 reactors and the pH of
the recirculated leachates was adjusted to maintain
methanogenic conditions. This resulted in a dis-
tributed model of MSW decomposition in a 1-D
bioreactor with leachate recirculation and pH
adjustment, which could be used to analyze the
balance between the rates of polymer hydrolysis
and methanogenesis.

The degradation phases that occur in landfills,
as described above, have also been simulated in
landfill-simulating reactors, where the timescale is
months to years rather than decades (Ejlertsson
et al. 2003; Lagerkvist & Chen 1992; Pohland et al.
1992; Stegmann 1981). The acidic stage can be
avoided by initial aeration allowing methanogen-
esis to develop when the aeration is switched off.
Ejlertsson et al. (2003) investigated 100-1 landfill-
simulating reactors with MSW under both meth-
anogenic conditions (initiated by aeration) and
acidogenic conditions. After three years of stable
acidity, the acidogenic reactor was forced into
neutral, methane-forming conditions by exchang-
ing leachates between the two reactors. The set up
of these landfill-simulating reactors and their
operational parameters, including the aeration
procedures, should facilitate studies that could be
used to expand the previous modelling efforts, as
described in Vavilin et al. (2003). In the present
study, the complex processes occurring vertically
in landfills were modelled by developing a dis-
tributed one-dimensional (1-D) model, which
accounts for a vertical water flow. By this, the
fermentation and methane formation processes
were studied. The model includes retardation of
the overall degradation of MSW due to the
effect of formation of fermentation products with
an emphasis on those causing acidification.

Experimental data from 100-1 landfill-simulation
reactors (Ejlertsson et al., 2003) were used for
developing the model. Diethyl phthalate (DEP)
was used as a reference substance (by monitoring
its conversion to the corresponding monoester,
monoethyl phthalate; MEP) as an indicator of the
hydrolytic activities of the system towards the bulk
waste. The water-soluble DEP is a diester and its
hydrolysis to MEP and phthalic acid under dif-
ferent landfill conditions has been confirmed in
previous studies (Ejlertsson et al. 1996a,b; Jonsson
et al. 2003a), in which DEP was degraded via
hydrolysis to the monoester and phthalic acid (and
finally to methane and carbon dioxide) under
methanogenic conditions, but resisted degradation
when acid conditions prevailed. Ultimate cleavage
due to chemical hydrolysis of DEP during landfill
conditions is likely negligible, since the halftime
for DEP is 8.8 years at pH 7. The phthalate
monoesters are even more resistant to chemical
hydrolysis than their corresponding diesters
(Wolfe et al. 1980).

Methods

Experimental studies used for developing and
calibrating the model

Data from two 100-1 landfill simulation reactors,
called LiU1 and LiU3, were used to develop and
calibrate the 1-D model. The reactors were set up
to simulate the ageing sequence of a landfill. For
details on the waste used, operation and reactor
performance, see Ejlertsson et al. (2003). A de-
tailed description of the experimental measure-
ments of phthalate concentrations in the leachates
is presented in Jonsson et al. (2003a). The reactor
performance and selected results from the phtha-
late analyses are briefly described below.

Each of the reactors contained MSW, collected
from a residential area in Sweden. As well as solid
organic materials, such waste tends to contain the
phthalate we intended to use as model substance
(Jonsson et al. 2003a,b,c). Water was added to give
a moisture content of 65% (wet weight). Due to
rapid fermentation, acidogenic conditions were
established within a few days after filling and
closing the reactors. Reactor LiU3 was operated
under acidogenic condition (as confirmed by VFA
analyses and pH measurements), while LiUl was



methanogenic (as confirmed by analysing the
methane content of the gas produced). In order to
ensure that conditions were methanogenic and
avoid acidification of the latter, it was continu-
ously aerated for the first three weeks following
day 4, and then twice a week until the end of week
17. Fluctuating concentrations of VFA, DEP and
MEP were observed in the leachate due to the
alternately aerobic and anaerobic conditions
(Figure 3). After 17 weeks, when gas production
stabilised, aeration was stopped and the waste
became anaerobic and methanogenic, resulting in
a steady pH at ca. 7 and no accumulation of VFA.
Over the following year the MEP generated during
the aeration period decreased to below the detec-
tion limit (1 ug I'"). Leachates from the acidogenic
LiU3 were withdrawn (3 1 week™) and replaced by
tap water to simulate precipitation (100 1 in total).
The dilution procedure continued from week 18 to
week 51 and was monitored by measuring inor-
ganic halides in the leachates (Ejlertsson et al.
2003). During the dilution, the VFA concentration
decreased ten-fold, although the pH level remained
at ca. 5.5. Termination of the water addition
simulated the covering of a landfill. After 148
weeks of operation, the acidogenic reactor, LiU3,
was slowly made methanogenic by exchanging one
litre of leachate once a week with leachate from
LiU1 until week 169. The exchange of leachate was
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terminated when methanogenic conditions were
established and biogas was generated from the
waste in LiU3 at a steady rate.

Two other reactors: LiU2 (a parallel to LiUl)
and LiU4 (a parallel to LiU3), were included in the
study for validation of the model. However, the
parallel reactors contained 12.5% less MSW, and
were supplemented with a corresponding amount
of waste fractions containing potential pollutants
(e.g. plasticizer-containing plastics, freon-blown
insulation and materials containing flame-retar-
dants), which hampered the development of the
degradation phases in them (Ejlertsson et al.,
2003). Consequently, the methanogenic activity in
LiU2 was probably weaker than expected after the
aeration period, and a longer period of leachate
exchange was required for stable production of
biogas to begin in LiU4 (until week 228 compared
to week 169 for LiU3).

The model

The transformations considered in the kinetic
analysis of the distributed 1-D reactor model are
presented in Figure 1. In order to make the model
manageable and interpretable we made several
simplifying assumptions about the decomposition
processes of solids. First, the bulk organic waste
was divided into two fractions, according to its
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Figure 1. Scheme of co-digestion of the different fractions of MSW and transformation of the dissolved diethyl phthalate (DEP) to
its monoester (MEP and phthalic acid (PA). Other abbreviations: PDs, sorbed PD; W1, readily degradable waste; W2, recalcitrant

waste; VFA, volatile fatty acids.
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potential degradability: readily degradable and
recalcitrant. Second, all transformation processes
involving the conversion of VFA to methane were
lumped together as a single step in the model.
Also, methane formation included both hydro-
genotrophic and acetoclastic methanogenesis.
Third, the anaerobic digestion of MSW was con-
sidered to be a two-stage process, i.e. acidogenic
and methanogenic, and the fermentation products
were regarded as a single intermediate, namely
VFA, which serves as the precursor for methane
production. The degradation of the two waste
fractions, as well as DEP and MEP, was supposed
to follow first-order kinetics, in accordance with
earlier studies (Batstone et al. 2002; Gavala et al.
2003) To describe methanogenesis, Monod kinet-
ics for biomass growth of methanogenic microor-
ganisms was used (cf. Batstone et al. 2002).
Hydrolysis/acidogenesis and methanogenesis were
the rate-limiting steps of the overall anaerobic
MSW digestion process.

The original data showed a delay in both
methanogenesis and phthalate degradation under
acidic conditions (LiU3). Therefore, it was as-
sumed that inhibition of the hydrolysis of re-
calcitrant waste, DEP and MEP as well as of
methanogenesis took place.

Monod kinetic approaches provide convenient
ways to deal with inhibition, but their use imply
the involvement of organisms. Therefore, the
methanogenic activities in the reactors and leach-
ates were approximated to certain concentration
equivalents of methanogens and Monod kinetics
were then applied. Methane formation from
phthalate transformation was not taken into ac-
count because the total amount of phthalate was
negligible in comparison with the initial amount of
MSW. In order to model the hydrolysis of MSW-
related DEP, the phthalate needs to be exposed to
the hydrolytic activity in the liquid phase. A re-
lease of DEP from the waste matrix was therefore
introduced in the model (1). MEP is produced in
the liquid phase and its sorption to the waste is
negligible because of its high solubility (>3.2 g 1';
Jonsson & Baun 2003).

Advection components of processes affecting
dissolved VFA, protons, DEP, MEP, were con-
sidered to be entirely due to the water flow. The
methanogenic microorganisms were considered to
only partly be transferred by the liquid flow. All
biogas formed was considered to be present in the

head-space gaseous phase. Initial carbon dioxide
formation during the hydrolysis/acidogenesis was
not accounted for by the model. The rate of met-
hanogesis was included as the driving force for the
total degradation processes, and simulated by
modelling the methanogenically active populations
in the reactors.

The following system of nine parabolic partial
differential equations, in which Z is the vertical
coordinate of the 1-D reactor, where Z = 0 and
Z =1 are the top and bottom of the reactor,
respectively, was used for our modelling purposes:
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where W, W,, VFA, H are readily degradable and
recalcitrant solid wastes, total VFA and proton
concentrations, respectively; CHy is the amount of
methane; DEP, MEP are dissolved di- and mono
phthalate ester concentrations, respectively; DEP; s
sorbed DEP; B, is the methanogenic biomass con-
centration; fi (1), f> (1), f3(I) are dimensionless



inhibiting functions; 7 is time ( 0 < ¢ < +00); kyp,
kp, k3 and kj4 are the corresponding first-order
hydrolysis rate constants of readily degradable
waste, recalcitrant waste, DEP and MEP, respec-
tively; p,,; 1s the maximum specific rates of VFA
utilization; k, is the specific biomass decay coeffi-
cient for methanogens; « is the part of the metha-
nogenic biomass that is transferred by the liquid
flow; k; and k, are the desorption and sorption
constants for DEP, respectively; y;, x», are the
stoichiometric coefficients of readily and degradable
recalcitrant waste, respectively; b is the rate constant
for the decrease of proton concentration during
methanogenesis; Kyga is the half-saturation con-
stants for VFA utilization; Y is the corresponding
methanogenic biomass yield coefficient; ¢ is the
volumetric liquid flow rate per unit surface area
(specific liquid flow rate); Dyga, Dg, Dpgp and
Dyep, are the diffusion coefficients for VFA, pro-
tons, DEP, and MEP, respectively; D g, is the dif-
fusion coefficient for methanogens; and L is the
reactor height. The nomenclature, initial and
parameter values are shown in Table 1.

Under initial conditions, all variables were as-
sumed to be uniformly distributed in the reactor
over the vertical coordinate Z. However, due to
differences in the treatments and the naturally
developing processes, the following boundary
conditions were introduced in the model: changes
of parameter concentrations during naturally
developing processes throughout the study (eq. 2),
changes of parameter concentrations due to dilu-
tion (eq.3 and 4) and changes of concentrations
due to leachate exchange between the reactors

(eq.4).
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In eq. (2), ¢ represents all variables of the model
(1). In egs. (3, 5) ¢ represents the VFA, H, DEP
and MEP concentrations, while ¢* and B,,* rep-
resents the corresponding concentrations in the
incoming leachate. The final values of variables for
one stage were used as the initial values for the
next stage.

Water was not considered as a limiting factor,
because the waste was assumed to be water satu-
rated, allowing the reactions to occur indepen-
dently of the water content. It has been suggested
that the reduction in hydraulic conductivity in the
porous waste medium due to settling of the waste
should be taken into account in full-scale studies
of microbial decomposition of landfilled MSW
(Vavilin 2003). However, this was not considered
to be important for the 100-1 reactors used in this
study, so it was not included in the model.

Inhibition. In order to explain the delay in the
establishment of methanogenic activity in the ini-
tially acidogenic reactor, two types of inhibition
functions f;(1) were introduced in the model (1).
First, we assumed that the inhibition was either
directly or indirectly related to the proton con-
centration. To model a direct relationship, a
reduction in the proton concentration from 107>
to 107" moles 1" was considered, since the pH
level in the original acidogenic reactor changed
from acid (5.5) to circumneutral (7) during the
development from acidogenic to methanogenic
conditions. According to the resulting model, the
rate of the decrease in proton concentration is
proportional to the increase in the rate of metha-
nogenesis. To model an indirect relationship, it
was assumed that the inhibition was correlated
with the concentration of the non-ionized form of
VFA (HVFA). The total concentration of VFA
reported in Ejlertsson et al. (2003) is the sum of
non-ionized and ionized forms of VFA, i.e.
[VFA] = [HVFA] + [VFA™].
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Table 1. The model parameters

Abbreviation Description Parameter values Initial values
o the part of the methanogenic biomass transferred 0.1
by the liquid flow
a,n constants in the inhibiting function (7) 4.8 resp. 14
b constant for the decrease of proton concentration 0.23 1 week™' ¢!
during methanogenesis
By conc. of methanogenic biomass 0.01 g1™!
By* conc. of methanogenic biomass in the incoming leachate 0.5 g 17!
¢ all variables in the model (1)
c* conc. of component ¢ in the incoming leachate
CH, volume of methane released 01
dCHy/dt methane production rate
DEP, MEP conc. of DEP and MEP, resp. 0.01 and 0 mg I, resp.
DEP, conc. of sorbed DEP 7mg ™!
DEP*, MEP* DEP and MEP conc, respectively in the incoming 0.001 and 0.001 mg I, resp.
leachate
Dpy diffusion coeff. for methanogens 0.001 1> week ™!
Dpgp, DvEp diffusion coeff. for DEP and MEP, resp. 0.001 1% week ™!
Dyra diffusion coeff. for VFA 0.001 1> week !
11D inhibiting function for hydrolysis
(D) inhibiting function for methanogenesis
f(pH) inhibition function with proton conc. as
inhibiting agent
fIHVFA) inhibition function with non-ionized VFA conc. as
inhibiting agent
1 inhibitor
H proton conc. 10755 g 17!
H* proton conc. in the incoming leachate 1070 g 1!
K; inhibition coeff. in function (8)
K; inhibition constant of hydrolysis 0.04 g 1!
K, inhibition constant of methanogenesis 0.065 g 17!
K; inhibition constant of DEP and MEP 0.02 g1
Kyia half-saturation constant for VFA utilization 35¢g !
ka decay coeff. of methanogens 0.005 week !
k1, kn> first-order hydrolysis rate constants for readily 0.58 and 0.049 week ™", resp.
degradable and recalcitrant MSW, resp.
knz, kng first-order hydrolysis rate constants for DEP and 0.23 and 0,084 week ™! resp.
MEP, resp
Koxi first-order rate constants of VFA oxidation 1 week™
Koy First-order rate constant of DEP oxidation to MEP 5 week ™!
Koxs first-order rate constants of MEP oxidation 0.1 week™
ki, ks> first-order desorption and sorption rate constants 0.13 and 0.50 week ™', resp.
for diethyl phthalates
L cylinder reactor height 0.80 m
q volumetric liquid flow rate per unit surface area
(specific liquid flow rate)
q1, 4> specific liquid flow rate during the periods of dilution  0.09 and 0.03 1 week™', resp.

and leachate addition, resp.

PVFA, PDEP, PMEP OXidation rates of VFA, DEP and MEP, resp.

Pm
t

VFA

maximum specific rate of VFA utilization
time
VFA conc.

15.4 week g g
0 <t +x

417!
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Abbreviation Description Parameter values Initial values
VEA* VFA conc. in the incoming leachate during 0.001 g 17!
leachate exchange
W, conc. of readily degradable MSW 70 g 17!
W, conc. of recalcitrant MSW 280 g 17!
Z vertical coordinate (0 = top, I = bottom of 0<Z<L
the reactor)
Y biomass yield coeff. for methanogens 0.1gg™!
L1s A2 stoichiometric coeffs. of the transformation of readily degradable 0.42 and 0.6, resp.

and recalcitrant waste to VFA, resp.

The dimensionless functions f;(1) describe the
inhibition of hydrolysis of recalcitrant waste (W)
and phthalates (DEP and MEP), and of metha-
nogenesis, i.e. the ultimate degradation of organic
waste (including phthalates) to biogas:

it = P )

where pH =-Ig[H "], a and n are constants, and
i = 1 (hydrolysis of recalcitrant waste), 2 (metha-
nogenesis), 3 (hydrolysis of DEP and MEP) or:

1

VFA :
I+

{Ki(l + Ka/H)}
where K, = 2.0x107° is the dissociation constant
for VFA, and K; is the inhibition coefficient. The
inhibiting functions (8) used in the model (1) is
shown in Figure 2.

The possible inhibition from the extra pollu-
tants present in LiU4, is not elaborated on. This
is just represented by lower hydrolytic constants
and a response delay in LiU4 (44 weeks),
occurring from the start of the leachate
exchange.

Aeration. Since LiUl and LiU2 were aerated
periodically during the first period, oxidation of
VFA, DEP and MEP was introduced in the model
(1) in the form of simple first-order reactions:

— ko VFA,  ppEgp = —ko2DEP,
PMEP = kox2DEP — k,,sMEP (9)

f(HVFA) = (8)

PVFA =

where pyEA, PDEP: PMEP are the oxidation
rates of VFA, DEP and MEP, respectively, and
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Figure 2. The dimensionless functions of inhibition by non-
ionized VFAs (f{HVFA)) of methanogenesis (1), hydrolysis of
recalcitrant MSW (2) and phthalate hydrolysis (3).

kox1, kox2, kox3 are their corresponding first-order
rate constants.

All numerical simulations were performed
using MATLAB software. Visual comparison
between experimental data and the simulations
made it possible to arrive at values of coefficients
at which the sum of the differences between the
observed and predicted values of model variables
were near at a minimum. Since the complexity of
the model makes it extremely difficult to perform
an identifiable study, it is not possible to ensure the
uniqueness for the set of estimated parameters.
However, the simulations have been done after
trying many sets of parameters, choosing values
with physical and biological sense, and ensuring
that, if there are other sets of parameter values,
these will be of the same order of magnitude.
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Figure 3. Time profiles of VFA, DEP and MEP concentrations in the leachate averaged over the reactor volume, and the total
biogas volume released in the initially acidogenic reactor, LiU3. The circles represent values measured in the actual reactor and the

lines are results obtained using the model.

Results and discussion

Differences in the operation and performance of
the two MSW reactors made it possible to use
experimental data obtained from LiU1 to validate
the inhibition theory, imposed by the experi-
mental data of LiU3. Bearing in mind that the
same basic set of parameters was used for both
reactors, the fit of the model to the experimental
data is satisfactory. It should be mentioned that
the periods of intermittent aeration and leachate
exchange, which generated fluctuations in the
experimental concentrations due to the relatively
rapid changes in various degradation processes
(aerobic—anaerobic and acidogenic—-methanogen-
ic), were modelled as continuous processes.
Therefore, the model was not intended or ex-
pected to give a precise fit to individual experi-
mental data points during these periods. Instead,
the fit of the model to the average experimental
data was the key validation criterion during
these periods.

Degradation of the bulk waste under landfill
conditions

According to the model, VFA accumulated in the
leachate before the dilution period of the originally
acidogenic reactor (LiU3) due to hydrolysis and
fermentation of the easily degradable waste (Fig-
ure 3). The hydrolysis rate coefficients of readily
degradable (kj,;) and recalcitrant (k,,) wastes were
0.58 week™' = 0.08 day™' and 0.049 week ™' =
0.007 day™!, respectively. Thus, the former was
hydrolysed about 10 times more rapidly than the
latter. The former value was in the same range, but
the latter value was much lower than the corre-
sponding values presented by Vavilin et al. (2004),
0.02 and 0.06 day™', which dealt with the grey
waste fraction of MSW. The large difference in
hydrolysis rate of the recalcitrant materials is likely
due to (i) the different sizes of the reactors, i.e. 1.5
vs 100 1 for the grey waste and the MSW in this
study, respectively; (ii) the small grey waste reactors
were run at higher temperature (35°C, compared



to the reactors, which were stored at 30°C); and (iii)
the grey waste was inoculated with 0.5 1 of muni-
cipal sewage sludge, which, according to the dis-
cussion above, would secure conditions promoting
an efficient hydrolysis. The initial rate of VFA
accumulation was derived from the former coeffi-
cient (kj,;). Furthermore, the VFA concentrations
decreased during the dilution (weeks 18-52) in
accordance with the dilution rates.

After termination of the dilution, the VFA
concentration increased slightly as a result of
residual hydrolysis and fermentation of readily
degradable waste. In the subsequent acidogenic
steady state, in which there was a relatively long
period of nearly constant VFA and proton con-
centrations, no further degradation occurred. The
model shows that both methanogenesis and
hydrolysis were inhibited. The inhibition remained
although the VFA occurred at a relatively low
concentration, i.e. ca. 5 g 17!, which is less in rela-
tion to the levels often referred to as inhibiting
anaerobic digestion (about 30 g I™": Vavilin et al.
2004; Brummeler et al. 1991). When leachate ex-
change between the two reactors took place, during
weeks 144-169, methanogenesis commenced in the
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formerly acid reactor (LiU3). This allowed succes-
sive syntrophic degradation of fermentation prod-
ucts, as shown by the decrease in the VFA, which in
turn caused an increase in pH and an accelerated
methane formation. According to the model, the
transfer of methanogenically active leachate thus
led to enhanced hydrolysis of the recalcitrant waste
fraction, which in turn resulted in biogas production
(Figure 3). The change in VFA concentrations in
the reactor during dilution and methanogenic deg-
radation of the acids was predicted by the model by
a concentration front of acids, expressed as VFA
passing through the reactor (Figure 4). The model
suggests that the inhibition of hydrolysis of re-
calcitrant MSW ceased at the top of the reactor,
where methanogenesis developed firstly and then
propagated throughout to the bottom. Unfortu-
nately, lack of experimental data made it impossible
to confirm the modelled fronts.

Proton dynamics

The responses of the model, and the accuracy with
which it simulated the results obtained by Ejlertsson
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Figure 4. Profiles throughout the coordinate Z of W;, W5, VFA, and B,, concentrations in the initially acidogenic reactor, LiU3,
at 0 (0), 18 (1), 21 (2), 50 (3), 149 (4), 164 (5), 190 (6), and 250 (7) weeks of incubation.
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et al. (2003) and Jonsson et al. (2003), were
similar regardless of whether the inhibition was
assumed to be mediated directly by pH or by non-
ionized VFA. Therefore, we conclude that the
inhibition was directly and/or indirectly related to
the proton concentration. Despite a substantial
reduction of the VFA concentrations during the
dilution period in LiU3, the pH value remained
constant at about 5.5, implying that a simulta-
neous decrease in the concentration of other ca-
tions (N) occurred during the dilution. Cations
influence the concentrations of proton and non-
ionized acids via the following ionic balance:
[OH |+ [VFA™]| = [Nf]+[H"] , or for circum-
neutral conditions: [VFA™] ~ [N*]. This relation-
ship has been previously used by Vavilin et al.
(2003). Consequently, the concentration of non-
ionized VFA (HVFA) is also influenced by the
cation  concentration, since [HVFA] «
[VFAT]+[H"].

The dissociation constant used in the inhibiting
function (8), presumed to be caused by VFA,
correspond to a pK, of 4.70, which is somewhat
lower than that of acetic acid, i.e. 4.78. This clearly
indicates that other acids are generated during the
degradation of MSW than the volatile aliphatic
mono-acids (C,—Cg), which were included in the
experimental analysis (Ejlertsson et al. 2003).
Acids that may be produced as fermentation
products and have a lower pK, than acetic acid
include other aliphatic acids such as o-hydroxy
carboxylic acids, e.g. as lactic acid (pK,=3.08),
dicarboxylic acids, e.g. oxalic acid (pK,=4.19),
and also aromatic acids, e.g. benzoic acid
(pK, = 4.19). The possibility that other aromatic
acids, e.g. cresols, are also produced cannot be
excluded. It should be noted that the pK, for cre-
sols is =10, so they are probably more or less
completely non-ionized at any pH lower than 8.
Unfortunately, the concentrations of cresols in
LiU3 are unknown.

The wide range of possible proton sources,
including inorganic buffers, and lack of corre-
sponding data, made it difficult to accurately
model the pH. However, the model (1) accounted
for the effects of leachate exchange and an increase
in pH was observed in the reactors (Figure 5). If
the leachate exchange, in which a circum-neutral
leachate was introduced, was the only pH-
increasing factor, pH should have increased but
stayed at ca. 6.4 (case 2 in Figure 5). By including

0 50 100 150 200 250
Time (weeks)

Figure 5. Time profiles of pH levels in reactor, LiU3. Weeks
0-148 were acidogenic, during weeks 149-169 methanogenic
leachate was periodically introduced, while the last period was
at stable methanogenic conditions. Symbols refer to experimen-
tal data and line to model prediction at 5 = 0.23 1 week 'g™" (1)
and b = 0(2).

the methanogenic consumption of VFA, the
modelled increase in pH reached the final levels
that were experimentally observed (i.e. ca. 6.8; case
1 in Figure 5).

Effects of initial aeration

Several reports have indicated that the initial
acidic phase can be avoided, or at least minimised,
by exposing the waste to air to an appropriate
extent (Lagerkvist 2003). The modelling presented
here shows that further degradation of the MSW is
inhibited as long as there is enough readily
degradable waste to generate sufficient inhibitory
fermentation products. Methane production began
immediately after the aeration period (Figure 6),
when both VFA and proton concentrations had
decreased substantially. This shows that neither
hydrolysis nor methanogenesis was inhibited when
VFA was eliminated and the pH was approxi-
mately neutral.

Since a gas leakage occurred in the reactor that
was aerated initially, LiUl, the modelled biogas
accumulation cannot be confirmed by experimen-
tal measurements. However, we believe that the
modelled pattern reflects true patterns of the gas
production that occurred in LiU1 after abatement
of the acids, since measured values of a parallel
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biogas volume released in the methanogenic reactor, LiUl, which was initially aerated during weeks 0-17. The circles represent
values measured in the actual reactor and the lines are results obtained using the model.

reactor (LiU2) were more close to the modelled
than were data from LiUl (data not shown).

Phthalate transformations

The general hydrolysis of recalcitrant waste was
exemplified by modelling the occurrence of DEP
and its hydrolysed product, MEP, in the leachate.
In order to model the hydrolysis of MSW-related
DEP, the phthalate needs to be exposed to the
hydrolytic agents in the liquid phase. The desorp-
tion and adsorption rate constants for DEP were
k; = 0.13 and k> = 0.50, respectively, in order to
model the concentration levels observed by
Jonsson et al. (2003a). The model dynamics of
DEP and MEP and experimental data from LiU3
are presented in Figure 3. During the dilution
period (weeks 18-52), DEP concentrations de-
creased in accordance with the measured dilution
rates. After termination of the dilution, the DEP
concentration slightly increased as a result of fur-
ther desorption of the DEP remaining in the waste
matrix. According to the model, only non-trans-
formal physico-chemical processes (i.e. desorption
and adsorption) affected DEP up to this stage.

Thus, DEP was not hydrolysed during the acido-
genic phase. Hydrolysis of DEP, and further
hydrolysis of MEP, occurred only during the
methanogenic period.

During the aeration period in LiUl, the re-
leased amounts of DEP were efficiently hydrolysed
to MEP, which was further hydrolysed (Figure 6).
Aerobic degradation of DEP is well known
(Saeger & Tucker 1973; references in Staples et al.
1997). During the first part of the following
methanogenic  period, non-oxidized @ MEP
(remaining from the aeration period) was further
hydrolysed without any lag-phase.

There was a 2.7-fold difference in the hydrolysis
rate coefficients for DEP and MEP (k,; = 0.23
and, k,; = 0.084 week ™!, respectively). The lower
hydrolytic rate of the monoester compared to the
diester resulted in a temporary occurrence of the
monoester during the initial phase of degradation
of the more recalcitrant waste in LiU3 and during
the aeration period in LiUl (Figures 3 and 6
respectively). This indicates that the capacity for
hydrolysis of the organic material of the MSW
depends on the type of chemical bonds to be hy-
drolysed and the characteristics of the waste or-
ganic compound. However, in order to clucidate
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the range of hydrolytic rates, other types of
hydrolysable compounds have to be investigated.

The modelled vertical distribution of DEP and
MEP in LiU3 describes the ongoing transforma-
tions in the reactor (Figure 7). The correctness of
the modelled distribution is proved by its predic-
tion of a high concentration front of MEP close to
the bottom of the reactor at week 190 (Figure 3),
coinciding with a transient accumulation of MEP
observed in the leachate during the same period by
Jonsson et al. (2003a).

Model validation

A parallel reactor to LiU3 (LiU4, see Ejlertsson
et al. (2003) for details) was used to validate the
model. The model dynamics in the LiU4 reactor
and experimental data are presented in Figure 8,
which show that the basic model framework had a
strong capacity to encompass the performance of
this reactor in relation to the experimentally
measured values. However, since LiU4 contained
less MSW than LiU3, the initial concentrations of
readily degradable waste, recalcitrant waste and
DEP were lowered to 40 g1™', 240 g1™' and
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5mg 17", respectively. The hydrolytic rate con-
stants for the recalcitrant waste and the maximum
specific rate of VFA consumption were
kp> = 0.021 week™' and pj, = 7.0 g week ' g7',
respectively, which are about half the rates of
LiU3. All other model coefficients were the same
as for LiU3.

Most sensitive parameters

The model (1) includes a high number of model
coefficients (Table 1), which enabled the descrip-
tion of five sequential regimes (see eqgs. 2-6),
including periods of continuous flow of incoming
water (simulating artificial precipitation) or meth-
anogenic leachate (simulating leachate transport
through a landfill) through the reactor. The inhi-
bition of hydrolysis of recalcitrant MSW, metha-
nogenesis and phthalate transformation by
non-ionized VFA and/or proton concentration
(pH) were identified as being the most important
factors affecting the system dynamics. The specific
maximum growth rate of the methanogens ()
given by the model was yy, = Ypn = 0.1 gg! x
15.4 week 'g g7' = 1.54 week™' = 0.22 day™ .
This value is within the range of pu, values
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Figure 7. Profiles throughout the coordinate Z of proton, DEPs, DEP, and MEP concentrations in the initially acidogenic reactor,
LiU3, at 0 (0), 18 (1), 21 (2), 50 (3), 149 (4), 164 (5), 190 (6), and 250 (7) weeks of incubation.
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tained using the model.

presented in the literature for acetoclastic metha-
nogens (0.1-1.4 day™'; Batstone et al. 2002) thus,
providing confidence in the model’s construction
and performance. The cumulative rates of biogas
formation were closely related to the maximum
specific rate of VFA utilization (p,,;). However,
according to the inhibiting functions presented in
Figure 2, the hydrolysis of recalcitrant waste was
the rate-limiting process. Thus, the biogas accu-
mulation rate significantly depends on the value of
first-order hydrolysis rate constants of recalcitrant
MSW (k;,,) rather than the maximum specific rate
of VFA utilization (p,,;). However, the methano-
genic activity in the reactor was the driving force
for the total degradation processes, including
phthalate transformation, and the rates of degra-
dation were closely correlated with the rates of
methanogenesis.

Conclusions

Our modelling of the degradation of MSW under
landfill conditions shows that the waste should
preferably be divided into two fractions, readily
degradable and recalcitrant waste, in order to ac-
count for the delay in hydrolysis and methanogenesis

observed as related to acidogenesis. This strategy
allowed us to show that the degradation of the
readily degradable waste fraction generated con-
ditions that inhibited further degradation of the
waste, i.e. primarily hydrolysis but also methano-
genesis. This suggests that the inhibitory period is
likely to be longer for MSW with a high ratio of
readily degradable to recalcitrant waste fractions.
This hypothesis was confirmed by modelling MSW
where the readily degradable waste had been ini-
tially eliminated by aeration. In this case, the ratio
was minimal and, consequently, the methanogen-
esis commenced immediately after termination of
the aeration period, leading to depletion of the
readily degradable waste fraction. The inhibition is
most likely caused by a web of complex and
interacting mechanisms, but according to this
study it is directly and/or indirectly related to low
pH, ie. pH<6. The patterns of the modelled
transformations of DEP and MEP confirmed the
general features of the 1-D model. The modelled
profiles throughout the vertical coordinate of the
studied reactors suggest that degradation of MSW
in fullscale landfills should be enhanced by the
application of methanogenic leachate to the top
layer of newly deposited MSW to avoid acid
generation, and thus inhibition and subsequent
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delay of efficient methanogenic degradation of the
bulk waste.
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