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Linearized Kinetic Models for the Simulation of the Mesophilic
Anaerobic Digestion of Pre-hydrolyzed Woody Wastes

By Attilio Converti, Adriana Del Borghi, Saleh Arni, and Francesco Molinari*

The most common kinetic models available in the literature to describe the COD consumption during batch anaerobic digestion
are checked and compared in their linearized forms in the case of prehydrolyzed mixtures simulating the composition of woody
wastes. The introduction of the COD value at the end of batch digestion in both the First Order and the Monod models allows one
to take into account the deviations due to the progressive increase in the fraction of difficultly-digestible substances present in
the medium. The so-modified version of the First Order model as well as that proposed by Singh and co-workers not only show
the best fits to the experimental data but also demonstrate that they are the simplest and easiest ones for immediate use.

1 Introduction

The correct design of anaerobic digesters strongly depends
on both substrate degradation and biogas production kinetics;
thus, the operating conditions of both fed-batch and contin-
uous digestion processes should be selected according to the
nature of the starting materials. In this sense, the residues
commonly disposed of by this operation, municipal sewage
sludges [1,2] and the organic fraction of municipal solid wastes
(MSWOF) [3,4] can be regarded as easily-digestible, while
lignocellulosics [5] as difficultly-digestible.

There is a certain difficulty in simulating anaerobic
digestion through the most common kinetic models for
bioprocesses available in the literature not only because of
the simultaneous presence of materials with different digest-
ibility in most wastes but also because of the complex interplay
existing among hydrolytic, acidogenic, acetogenic, and
methanogenic populations [6]. In addition, if in theory a
model is simple enough to effectively interpret data, in the
practice it often contains as many parameters as possible to be
actually and usefully applicable.

Although Cecchi et al. demonstrated that a step diffusional
model, taking into account the different stages of hydrolysis,
acidogenesis, and methanogenesis, is the best tool to describe
the batch digestion of MSWOF [7,8], this model as well as the
common biological kinetic models show a significant lack of fit
to the experimental data of lignocellulosics degradation,
because these residues need nearly complete preliminary
hydrolysis of the hemicellulose and lignin fractions [9] and
contain about 25-50 % recalcitrant organic matter [10].

In order to study the kinetics of pre-hydrolyzed lignocellu-
losics fermentation as well as to select the best theoretical
approach, batch runs have been carried out at the end of a fed-
batch operation under pseudo-stationary conditions. Linear-
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ized equations, such as the logarithmic form of the First Order
model or the Lineweaver-Burk-type plots of the Monod
model, are often used with success to compare the kinetic
behaviors of different runs. In fact, although less suited than
their original forms to simulate the process progress, they
allow a more accurate estimation of the related kinetic
parameters. For this reason, the linearized forms of the well-
known models of Chen & Hashimoto [11], Monod [12],
Inhibition [13], First Order [14], Diffusion [15], Singh [16], and
Step-Diffusion [7, 8] have been checked by the fit between the
experimental data and the theoretical behaviors of COD
degradation described by them.

For practical purposes, itis always preferable to describe the
fermentation kinetics using integral methane production
(which can easily be followed) instead of COD consumption;
this approach, however, requires the knowledge of the
ultimate methane yield [11], which is a parameter detectable
only with much difficulty at the end of a fermentation of easily-
degradable substances. Because of these difficulties, the
authors have recently proposed and tested with success a
modified version of the First Order model, where the
contribution of the recalcitrant fraction to COD consumption
kinetics can easily be determined from the COD experimental
data [17]. The same approach is extended in this study to the
Monod and Chen & Hashimoto models, whose abilities to
describe COD degradation versus time for this substrate are
compared with those of the other linearized models reported
in the literature.

2 Materials and Methods

The experimental set-up, the lignocellulose hydrolyzate
preparation, and the measuring methods have recently been
described in detail [17]. Batch fermentations were carried out
at 37 °Cin 3 1 glass digesters filled with mesophilic anaerobic
sludges from a municipal anaerobic secondary digester.

The feed simulating the composition of agricultural wastes
with about 30-40 % difficultly-digestible and recalcitrant
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substances was prepared by mixing 0.678 1 of hemicellulose
hydrolyzate and 0.299 1 of starch hydrolyzate and subse-
quently diluting the mixture with tap water up to a final
volume of 3 1. Variable volumes of this suspension were
introduced into the digesters to achieve the desired starting
COD. A feed with 50-60 % difficultly-degradable and
recalcitrant substances and with a much higher concentration
of pentoses was also prepared submitting successive batches of
residue from wood acid hydrolysis to a countercurrent
washing scheme [18,19].

COD, total dry solids (TDS), and total volatile solids (TVS)
concentrations were determined as described in APHA
Standard Methods [20]. Biogas production was followed by
liquid level displacement. The fractions of methane, carbon
dioxide,andnitrogen were determined by gas chromatography.

3 Theoretical Models

The decrease of the substrate concentration occurring
during a batch run can be described by several different
models proposed in the past for anaerobic digestion. Two
adaptations of available models (Monod and First Order
models) are proposed in this study to take into account the
influence of the relevant fraction of difficultly-digestible
substances in the material on the digestion kinetics. The
suitabilities of the linearized forms of the models described
below have been compared by estimating the determination
coefficient (r?), that is the difference between experimental
and theoretical values taken on the whole for each run.

3.1 First Order Model

An overall mass transfer kinetic approach, which thinks of
biomass as a catalyst, leads to the First Order kinetic equation
[14]:

=kjCs 1)
dr

where k; is the first order kinetic constant, C, the
concentration of soluble organic substances, and ¢ the
fermentation time.

The first order constant has been calculated from the slope
of the straight line obtained by plotting InC, versus time. A
similar approach has been followed for the other models,
transforming all equations into linearized forms suitable for
immediate calculation of the kinetic parameters.

3.2 Monod Model

The first attempt to extend the well-known Monod equation
to the anaerobic digestion of municipal wastewater treatment

1)  List of symbols at the end of the paper.
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sludge was made by Lawrence and McCarty [21]. It was
subsequently applied with success to the degradation kinetics
of many different wastes whenever methanogenesis could
reasonably be assumed as the limiting step [22]:

dC; kG Gy
At K+ Cs

where k; is the maximum specific degradation rate, C, the
biomass concentration, and K, the saturation constant of
Monod’s equation.

The kinetic parameters k, and K have been estimated from
the slope and intercept of the straight line of the well-known
Lineweaver-Burk-type plots and by considering C, nearly
constant. In fact the concentration of microorganisms during
fed-batch operation always ranged between 5 and 6 grvs/l,
which is in satisfactory agreement with the values reported by
Traverso and Cecchi for the digestion of the shredded
MSWOF [23].

@

3.3 Chen & Hashimoto Model

ChenandHashimoto[11],adapting the well-known model of
Contois [24] to anaerobic fermentation, proposed the follow-
ing equation to take into account the influence of starting
substrate concentration (Cj,) on the fermentation kinetics of
biological systems showing Monod-type growth curves:

dCy _ k3 Cx (Cs/Csp)
dt [K+(1-K)(Cy/Cs)]

(©)

where k3 is analogous to the maximum specific degradation
rate and K is a dimensionless parameter. Also in this case, the
concentration of biomass during the fermentations carried out
under the selected conditions has been considered constant
[7]. This model as well as that of Singh [16] are examples of
multi-substrate models that were set up to give a declining
reaction rate as the COD is depleted of its most easily-
digestible components first.

3.4 Diffusional Model

Previous research clearly demonstrated that substrate-
utilization kinetics within biofilms can accurately be described
by a model including reaction with diffusion [15,25]. Because
digesters not provided with efficient mixing may suffer mass
transfer limitation problems by digesting biomass similar to
those taking place through biofilms, the diffusion model has
also been checked. According to Suidan et al. [15], four
different situations may occur within such a reactor:

e the biofilm is deep and the surface substrate concentration
very low; in this case the fermentation takes place following
pseudo-first order kinetics not depending on the biofilm
thickness;
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o the biofilm is deep and the surface substrate concentration
very high and approaching that in the bulk; the fermentation
rate variation with the square root of substrate concentration
is typical of a diffusion-limited zero order reaction [15,26]:

dCy
dt

0.5
= k4 (Cs)

4)

where k, is the related rate constant which can be calculated
from the slope of the straight line resulting from integration
of this equation;

o the biofilm is fully penetrated and the surface substrate
concentration very low; once again, pseudo-first order
kinetics would be consistent with the process but the
fermentation rate would depend on biofilm thickness;

o the biofilm is fully penetrated and the surface substrate
concentration very high and approaching that of the bulk; in
this case the fermentation rate should follow zero-order
kinetics:

d

9 s 5

dt

where k;s is the related rate constant.

3.5 Singh Model

A modified version of the first order kinetic model was
proposed by Singh et al. [16]. During anaerobic digestion, the
degradation rate could vary according to the nature of the
substrate under consideration, which changes both qualita-
tively and quantitatively as the digestion process proceeds
with time. This necessitates the incorporation of a time
function to control the kinetic constant:
dc kg C
s K6 Ls ©)

Cdr (1+9)

where kg is the rate constant of the Singh model, which can
be calculated from the slope of the straight line obtained
plotting InC,, after integrating Eq. (6), versus In(1+¢).

" 3.6 Modified First Order Model

Since in the presence of a mixture of substrates, the most
easily biodegradable substrate is primarily consumed [9,27], a
modified version of the First Order model was proposed:
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3.7 Modified Monod Model

For the above reason, the Monod model has also been
modified similarly to the equilibrium approach to the enzyme
kinetics [28], taking into account the final COD value, f Cy,, at
the end of fermentation of easily-digestible substances:

dCs _ kg Cx (Cs — fCso)

T ®)
dr  [Ks'+(Cs— fCso)l

where kg and K, are the corresponding maximum specific
degradation rate and saturation constant; the other parame-
ters have been previously defined. The values of kg and K’
have been calculated by the same graphic approach followed
for the simple Monod model (Lineweaver-Burk plot) but
simultaneously resorting to a trial-and-error procedure for
estimating f. The same type of modified equation could be
proposed for the Chen & Hashimoto model.

3.8 Step-Diffusional Model

As suggested by Mamie and Lau-Wong [29] and by Cecchi
et al. [7,8], anaerobic digestion of complex wastes, containing
an easily-digestible, a slowly-degradable, and a recalcitrant
fraction, proceeds through three successive stages controlled
by methanogenesis, acidogenesis, and biopolymer hydrolysis,
respectively.

The consumption of the first fraction, mainly constituted by
acetic acid, methanol, and compounds directly convertible
into biogas by methanogenic microflora, can be described by
the following linearized equation:

dcy
dt

where v, and ko are the maximum degradation rate for
methanogenesis and the related kinetic constant, respectively.

The second fraction, containing volatile fatty acids with
more than three C atoms and ethanol, is degraded more slowly
according to the equation:

dcy
dt

where v; < v, is the maximum degradation rate related to
acidogenesis, kj the related kinetic constant, and #; the time
required to complete the transformation of the easily-
digestible fraction.

Finally, the degradation of the third fraction, mainly
constituted of recalcitrant complex biopolymers, is con-

=vy —kot/2 9)

=vy—kjg(t—17)/2 (10)

dc trolled by its hydrolysis and is described by the linearized
——% _k7(Cs— fCy0) (7)  equation:
dt
L . dC;
which introduced a final COD value, f C,,, at theend of the ~ —— =vy —kjj (t —12)/2 (11)
fermentation of easily-digestible substances. dt
Chem. Eng. Technol. 22 (1999) 5, © WILEY-VCH Verlag GmbH, D-69469 Weinheim, 1999 431
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where v, < v; is the maximum degradation rate for
hydrolysis, k;; the related kinetic constant, and ¢, the time
required to complete the transformation of the second
fraction.

The above equations, achieved by deriving the degradation
rate proportional to the square root of substrate concentration
[8], also points out, according to Suidan et al. [15], the
diffusional character of this model, which is the result of
diffusion limitation due to the presence of insoluble com-
pounds within the digester. Plots of —-dC,/dt versus ¢ allow one
to obtain straight lines from whose intercepts and slopes both
maximum degradation rates and kinetic constants can easily
be estimated.

4 Results and Discussion

A comparison between the above linearized kinetic models
and the experimental data was carried out in order to find the
model which best describes the behavior of batch anaerobic
fermentations of pre-hydrolyzed lignocellulosics. The experi-
mental data of COD consumption during batch fermentations
at different starting COD levels are listed in Tab. 1 for both
lignocellulose hydrolyzates, containing respectively about 30—
40 % and 50-60 % recalcitrant organic substances (slowly
metabolizable pentoses, phenols, furfural, hydroxymethylfur-
fural, incompletely hydrolyzed polymers, etc.).

The COD experimental data have then been used to
calculate the kinetic parameters for each of the models
presented earlier, at different COD,, values (Tab. 2). A
successive comparative analysis of these as well as the
estimation of the relative determination coefficient (Tab. 3)
allowed us to check their respective ability to describe
anaerobic fermentation of this material.

4.1 First Order Model

The application of the First Order model to the COD
consumption at different starting COD levels led to the values
of the first-order kinetic constant listed in the first line of Tab. 2.
Notwithstanding the satisfactory values of 1*, the decrease of k;
withincreasing starting COD raises doubts on the ability of this
model, which proved to apply very well to a biofilm reactor [30]
and brewery by-products [31], to shed light on the actual
phenomenon limiting the anaerobic digestion of this material.

Among the above four different diffusion-limited phenom-
ena consistent with pseudo-first order kinetics, a) a deep
biofilm with very low C value or b) a fully penetrated biofilm
with a very low C; value were considered to be the most likely
for the present case [17]. In both situations, in fact, the
decrease of k; with increasing COD,, can be ascribed to a
growing importance of the recalcitrant fraction in reducing the
average diffusivity of the biodegradable substances, as
confirmed by the significantly lower value of k; obtained

432 © WILEY-VCH Verlag GmbH, D-69469 Weinheim, 1999

using the hydrolyzate with the higher fraction of recalcitrant
substances (COD,, = 7.8 g/l).

4.2 Monod and Chen & Hashimoto Models

Both these models, whose application to the experimental
data of COD consumption in this material are shown in Fig. 1,
give poor results, as demonstrated by the quite low r* values
reported in Tab. 3. As previously observed by Cecchi et al. for
the anaerobic digestion of the organic fraction of MSW [7], the
maximum degradation rate can assume negative values, which
does not have actual physical meaning, and these absurd
results could not be associated to the linearization technique
used for parameter estimation.

30

251

20 1

v (Ih/g)

0,0 0,1 0,2 0:3 0,4
1/Cs (I/g)

Figure 1. Application of the Monod and Chen & Hashimoto models to the COD
consumption during the anaerobic fermentation of pre-hydrolyzed lignocellu-
losics. Starting COD [g/1]: (l) 6.3; (+) 7.8; (A) 13.0; () 18.0; ([7) 30.0.

Asproposed by Roques et al. [32], the saturation constant of
the Monod equation may depend, in wastewater treatment as
well as in anaerobic digestion, on the sludge age and the
biomass concentration in the reactor, thus, causing anomalies
in its estimation. Negative values of this constant may also
imply equally absurd negative values of the maximum
degradation rate. Hence, it can be concluded that both these
models are poorly suitable to describe anaerobic digestion of
complex materials.

4.3 Diffusional Model

The Diffusion model seems to provide a satisfactory
description of the process only at the highest COD,, values.
Because of the unsatisfactory fit to the experimental data at
low starting COD levels, demonstrated by the lower r? values
in Tab. 3 with respect to the First Order model and by the
curves of Fig. 2, the diffusive phenomenon it describes (deep
biofilm with high surface C; value) is not very likely to be
consistent with the actual situation for the process under

Chem. Eng. Technol. 22 (1999) 5
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Table 1. Experimental COD data during batch fermentation at different starting COD values.

¢ [h] COD [g/] t [h] COD [g/1]
Substrate A A A B A
0 30.0 18.0 13.00 0 7.80 6.30
2 27.8 15.8 10.50 1 7.40 5.70
4 26.4 144 9.40 2 7.05 5.25
6 25.8 13.5 8.50 3 6.77 4.90
8 25.2 12.7 7.90 4 6.55 4.60
10 24.0 12.1 7.40 5 6.35 4.40
12 233 11.6 7.00 6 6.20 4.20
14 22.2 11.1 6.60 7 6.05 4.00
16 21.7 10.6 6.30 8 5.90 3.85
18 20.8 10.2 6.10 9 5.80 3.72
20 20.2 9.90 5.80 10 5.73 3.60
22 19.3 9.60 5.60 11 5.65 3.50
24 18.8 9.25 5.45 12 5.50 3.40
26 18.3 8.95 5.30 13 5.40 3.29
28 17.8 8.71 5.10 14 5.35 322
30 17.3 8.40 5.00 15 5.28 3.18
32 16.8 8.21 4.90 16 5.23 3.13
34 16.4 7.96 4.75 17 5.18 3.00
36 16.0 7.70 4.65 18 5.15 2.95
38 15.5 7.55 4.62 19 5.10 2.92
40 15.3 7.35 4.60 20 5.08 2.87
42 15.0 7.19 4.57 21 5.06 2.85
44 14.8 7.10 455 22 5.04 2.80
46 14.6 6.90 4.52 23 5.02 2.78

A = Mixture of hydrolyzates with 30-40 % recalcitrant substances; B = Mixture of hydrolyzates with 50-60 % recalcitrant substances

Table 2. Values of the kinetic parameters calculated by the tested models for the anaerobic fermentation of pre-hydrolyzed lignocellulosics.

COD, [g/1] 6.3 7.8 13.0 18.0 30.0

Substrate A B A A A

First Order (Eq. (1)) 0.0314 0.0163 0.0195 0.0186 0.0147
"k [07]

Monod (Eqg. (2)) ’ -

ks [gcop/grvs h] -0.0088 -0.0044 -0.0110 -0.0179 -0.0148

K, [gcon/l] -5.425 -7.310 -9.513 -15.71 -26.75

Chen & Hashimoto (Eq. (3))

ks (gcop/grvs h) -0.0638 -0.0700 -0.0411 -0.140 -0.136

K[] -6.204 -14.91 -2.728 —6.848 -8.227

Diffusional (Eq. (4))

k4 [gcop™ 1% h] 0.0618 0.0397 0.0508 0.0602 0.0657

Singh (Eg. (6))

ke [-] 0.2854 0.1559 0.3066 0.2733 0.2229

Chem. Eng. Technol. 22 (1999) 5, © WILEY-VCH Verlag GmbH, D-69469 Weinheim, 1999 433



C
E
&T Full Paper

Table 2 (continued).
COD, [g/1] 6.3 7.8 13.0 18.0 30.0
Substrate A B A A A
Modified First Order (Eq. (7)) ;
k7 [ 0.1177 0.1140 0.0787 0.0459 0.0383
fl- 0.405 0.615 0.331 0.314 0.383
Modified Monod (Eg. (8))
ks [gcon/grvs h] -0.0231 -0.0279 -0.0403 -0.0586 0.0924
K, [gcop/l] 4421 ~4.158 -8.303 -15.993 2.883
f[H 0.254 0.526 0.231 0.225 0.470
Step-Diffusional (Egs. (9-11))
Vo [gcop/l h] 0.7167 0.4633 1.550 1.400 1.300
v1 [gcop/1 h] 0.2511 0.2298 0.2857 0.3652 0.4905
v2 [gcop/l h] 0.0865 0.0993 0.0875 0.1628 0.1575
ko [gcop/l hz] 0.2500 0.1200 0.4000 0.3245 0.2800
k10 [gcon/l h] 0.0354 0.0464 0.0258 0.0304 0.0276
ki1 [gcop/l h?] 0.0195 0.0128 0.0082 0.0084 0.0350
A = Mixture of hydrolyzates with 30-40 % recalcitrant substances; B = Mixture of hydrolyzates with 50-60 % recalcitrant substances
Table 3. Values of the determination coefficient (r?) obtained for the tested models by linear interpolation of the experimental data.
COD, [g/] 63 7.8 13.0 18.0 30.0
Substrate A B A A A
First Order 0.923 0.895 0.874 0.957 0.977
Monod and Chen & 0.714 0.771 0.826 0.775 0.464
Hashimoto
Diffusional 0.891 0.877 0.823 0.926 0.963
Singh 0.982 0.985 0.982 0.939 0.883
Modified First Order 0.998 0.997 0.995 0.996 0.997
Modified Monod 0.732 0.867 0.860 0.795 0.910
Step-Diffusional
1st step 0.987 0.991 0.842 0.983 0.891
2nd step 0.891 0.927 0.895 0.891 0.667
3rd step 0.447 0.610 0.747 0.701 0.891

A= Mixture of hydrolyzates with 3040 % recalcitrant substances; B = Mixture of hydrolyzates with 50-60 % recalcitrant substances

consideration. Therefore, a modification of Eq. (4), necessary
to take into account the contribution of the fraction of
recalcitrant substances to the digestion kinetics, would not
have any physical justification.

4.4 Singh Model

The model proposed by Singh and co-workers to describe the
batchkinetics of cattle waste digestion [16] gives the best results
among the linearized traditional kinetic models at low starting
COD levels (Tab. 3). The peculiar suitability of this model to

434 © WILEY-VCH Verlag GmbH, D-69469 Weinheim, 1999

difficult waste is due to the incorporation in the first order
model of a time function which controls the kinetic constant,
thus, accounting for the continuous increase of the recalcitrant
fraction with time. Fig. 3 shows the application of this model to
both the lignocellulose hydrolyzates tested in this study.

The kinetic parameter ks regularly grows with decreasing
starting COD (Tab. 2) up to a maximum threshold (COD, = 15
g/l) beyond which it appears to become constant (kg = 0.29).
The same influence of recalcitrant substances on the
diffusivity of biodegradable compounds, which has been
assumed to be responsible for the decrease in k; of the First
Order model with COD,, can be hypothesized for the Singh

Chem. Eng. Technol. 22 (1999) 5




t (h)

Figure 2. Application of the Diffusion model to the COD consumption during
the anaerobic fermentation of pre-hydrolyzed lignocellulosics. Starting COD
[g/1]: (W) 6.3; (+) 7.8; (A) 13.0; (e) 18.0; (1) 30.0.

4,0

3.5

3,0 7

InCg

2,54

2,01

In (t+1)

Figure 3. Application of the Singh model to the COD consumption during the
anaerobic fermentation of pre-hydrolyzed lignocellulosics. Starting COD [g/1]:
(M) 6.3; (+) 7.8; (A) 13.0; (») 18.0; ((J) 30.0.

model, if the diffusion limitation is assumed to be the
phenomenon responsible for quasi-first order kinetics. This
hypothesis appears to be confirmed by the remarkable
decrease of k4 in the presence of the hydrolyzate with the
higher fraction of difficultly-digestible substances (k¢ =0.156).
Then, the Singh model demonstrates once more its validity in
the description of the anaerobic digestion of complex
materials rich in hardly-degradable compounds.

4.5 Modified First Order Model

According to the results in Tab. 3, the Modified First Order
model, taking into account the fraction of difficultly-degrad-
able and recalcitrant substances in the feed, best describes the
progress of the digestion at all starting COD levels, although
the exact nature of the phenomenon (scenarios a or b) most
likely responsible for the observed first order kinetics would
require further studies at different biomass concentrations.

Chem. Eng. Technol. 22 (1999) 5,

The f values ensuring the best interpolation for both
lignocellulose hydrolyzates (0.31 < f < 0.40 for substrate A
and f=0.61 for substrate B) are in satisfactory agreement with
the fractions of recalcitrant compounds which can be
supposed for these wastes (30-40 and 50-60 %, respectively)
on the basis of their respective compositions [17].

4.6 Modified Monod Model

Astheresultsin Tabs. 2 and 3 and the curves of Fig. 4 show on
the whole, the introduction of fin the Monod equation did not
show significant fit enhancement with respect to the simple
Monod model, especially as far as the physical meanings of kg
and K’ are concerned. In fact, the linear interpolation of the
experimental data provides incomprehensible negative values
of both the maximum degradation rate and the saturation
constant, except for the case with COD,, = 30 g/l, even if the
calculated values of fare comparable with those calculated by
the Modified First Order model.

30

25

20

154

1/v (Ih/g)

0 T T T T T
0,0 0,2 0.4 0,6 0.8 1.0 1,2

1/(Cs- 1Cs0)

Figure 4. Application of the unfermentable COD fraction to the Monod model.
Starting COD [g/1]: (H) 6.3; (+) 7.8; (A) 13.0; (») 18.0; (01) 30.0.

Not even this attempt to adapt the linearized forms of both
the Monod and Chen & Hashimoto models to the kinetic
description of difficult organic wastes has provided acceptable
results; therefore, it would be reasonable to conclude that they
are not suitable for this purpose.

4.7 Step-Diffusional Model

The values of 12 listed in Tab. 3 demonstrate that the Step-
Diffusional model could effectively be applied to describe the
anaerobic digestion of pre-hydrolyzed lignocellulosics, when
only concerning the easily-digestible and at most slowly-
degradable fractions.

The behaviors of COD consumption rate shown in Fig. 5 for
COD, = 18 g/l as well as the maximum values of this parameter
listed in Tab. 2 for the three different steps demonstrate that
the preliminary chemical hydrolysis could be responsible for

© WILEY-VCH Verlag GmbH, D-69469 Weinheim, 1999 435
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the transformation of a relevant fraction of slowly-degradable
and recalcitrant materials into easily-digestible ones. In fact,
taking the experiment at COD,, = 18 g/l as a reference basis,
easily-digestible substances are methanized at a maximum
rate (1.40 gcop/l h), which is about four times higher than the
maximum acidogenesis rate of the slowly-degradable ones
(036 gcop/l h). In addition, a comparison with the values
reported by other authors for different complex substrates
shows that chemical pre-hydrolysis accelerates 5-6-fold the
maximum degradation rate for methanogenesis with respect
to either mixtures of sewage sludges and separately collected
MSWOF or source selected MSWOF [8]. The simple
redoubling of the maximum degradation rate for acidogenesis
points out that most of the recalcitrant materials contained in
the lignocellulosics are transformed by hydrolysis and
successive quick acetogenesis into easily-digestible substances
rather than into slowly-degradable ones. Nevertheless, pre-
liminary hydrolysis is not enough to completely remove the
recalcitrant fraction, which goes on to be very slowly
hydrolyzed and removed, after depletion of the second
fraction, at a maximum rate that is less than one half (0.16
gcop/l h) the preceding one and only little higher than those
which can be estimated for similar complex materials (0.04—

- dCs/dt (g/lh)

t (h)

Figure 5. Application of the Step-Diffusional model to the COD consumption
during the anaerobic fermentation of pre-hydrolyzed lignocellulosics. Starting
COD [g/1]: (+) 7.8; () 18.0.

A comparison of the values calculated for the kinetic
constants of the three steps (Tab. 2) with those reported by the
above authors for other complex materials shows a relevant
increase only for methanogenesis (from 0.10-0.18 to 0.32
gcop/l h?), while the acidogenesis and hydrolysis steps appear
to be negligibly influenced.

A marked dependence of maximum degradation rates on
starting COD can also be observed when comparing the
kinetic parameters listed in Tab. 2. In particular, as far as the
maximum degradation rate for methanogenesis (v,) is
concerned, it appears to increase with carbon source avail-
ability up to COD,, = 13.0 g/l, according to the diffusional
character of this model, while the slow decrease above this
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threshold could reasonably be ascribed to the inhibiting effect
of excess produced acetate on the metabolism of hydrogeno-
trophic methanogenic microflora. In other words, an organic
and acidic overload takes place in the medium.

Maximum degradation rates of acidogenesis (v;) and
hydrolysis (v,) show similar behaviors, continuously growing
within the COD,, range tested up to a higher threshold (COD,,
=18.0 g/l) before decreasing. This fact suggests that, thanks to
their very recalcitrant nature, overload of these substances,
although unacceptable because of their tendency to accumu-
late in the digester, is not so deleterious as that of easily-
digestible ones. A similar behavior of the kinetic constant of
degradation for methanogenesis can also be observed,
whereas no valuable effect can be detected for the other
kinetic constants, whose values are at least one order of
magnitude less.

Finally, the diffusional character of this model is confirmed
once more by the evident decrease in all the kinetic
parameters obtained for methanogenesis when feeding the
more recalcitrant hydrolyzate (B). This effect can reasonably
be ascribed to a marked decrease in easily-digestible
substances diffusivities provoked by the presence of a higher
fraction of recalcitrant biopolymers in the medium.

5 Conclusions

The present kinetic study of batch fermentations of pre-
hydrolyzed lignocellulosic wastes has allowed the identifica-
tion of which linearized model, among those available in the
literature, best represents the behavior of COD degradation
during the anaerobic digestion of these materials. Because of
preliminary hydrolysis of lignocellulosics, the hydrolysis of
biopolymers is no longer the limiting step and the anaerobic
digestion may take place at a higher rate.

On the basis of a comparison with the experimental data,
some of the most common models proposed for anaerobic
digestion, such as those of Monod and Chen & Hashimoto,
proved inadequate to represent the actual situation in the
digester. Nevertheless, the introduction of a correction factor
accounting for the presence of difficultly-degradable and
recalcitrant substances in the nutrient has been proposed, with
little luck, in this study to enhance their suitability.

On the other hand, among the models modified according to
this approach, the First Order model gave results comparable
with the Singh model, which already incorporates a time
function to control the kinetic constant. Also the Step-
Diffusional model provided acceptable, although poorer,
results, mainly in simulating the methanogenesis or at most
the acidogenesis steps. The phenomenon responsible for the
observed kinetics is likely to be the progressive reduction of
the average diffusivity of the easily-digestible substances
provoked by the parallel increase in the fraction of recalcitrant
compounds during the digestion of this material.
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Symbols used
COD [gCOD/ 1]

Cs [gcop/l]

Cso [gCOD/ l]

Cy [grvs]

f (-]

k; [h]

k> [gcop/grvs h]
ks [gcop/grvs h]
k4 [gCODO.S/IO.S h]
ks [gCOD/ 1 h]

ks [

k; [h]

ks [gcop/grvs h]
ko [gCOD/ 1 hz]
ko [gcop/lh’]
ki [gcop/l Y]

K -]

K, [gcop/l]

Ky [gcop/l]

t [h]

1y [h]

1) (h]

TDS [gTDS/ l]

TVS [gTVS 1>1]

Vo [gCOD/ 1 h]

Vg [gCOD/ 1 h]

V2 [gCOD/ 1 h]
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Chemical oxygen demand
Substrate concentration

Starting substrate concentration
Biomass concentration

Fraction of difficultly-degradable
and recalcitrant substances at the end
of the fermentation of easily-
digestible fraction

Kinetic constant of the First-Order
model

Maximum specific degradation rate
of the Monod model

Maximum specific degradation rate
of the Chen & Hashimoto model
Kinetic constant of the Diffusional
model

Kinetic constant of the Zero-order
model

Kinetic constant of the Singh model
Kinetic constant of the modified
First-Order model

Maximum specific degradation rate
of the modified Monod model
Kinetic constant of the methano-
genesis step in the Step-Diffusional
model

Kinetic constant of the acidogenesis
step in the Step-Diffusional model
Kinetic constant of the hydrolysis
step in the Step-Diffusional model
Parameter of Chen & Hashimoto
model

Saturation constant of the Monod
model

Saturation constant of the modified
Monod model

Time

Time required to complete the first
step according to the Step-
Diffusional model

Time required to complete the sec-
ond step according to the Step-
Diffusional model

Total dry solids

Total volatile solids

Maximum degradation rate for
methanogenesis

Maximum degradation rate for
acidogenesis

Maximum degradation rate for
hydrolysis

C
o
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