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Abstract

In the context of the anaerobic digestion of slowly biodegradable substrates for energy and chemicals production, this
study investigated the anaerobic digestion of cellulose without any chemical pre-treatments using open (undefined)
mixed microbial cultures. The anaerobic conversion of cellulose was investigated in extended-length (run length in
the range 518-734 days) batch and semi-continuous runs (residence time 20-80 days), at high cellulose concentration
(20-40g L™, at temperatures of 25 and 35 °C. The maximum cellulose removal was 77% in batch (after 412 days) and
60% (at 80 days residence time) in semi-continuous experiments. In semi-continuous experiments, cellulose removal
increased as the residence time increased however the cellulose removal rate showed a maximum (0.17 g L™" day™") at
residence time 40-60 days. Both cellulose removal and removal rate decreased when cellulose concentration in the feed
was increased from 20 to 40 g L™". Liquid-phase products (ethanol and short chain organic acids) were only observed
under transient conditions but not at the steady state of semi-continuous runs. Most of the observed results were well
described by a mathematical model which included cellulose hydrolysis and growth on the produced glucose. The model
provided insight into the physical phenomena behind the observed results.
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1 Introduction based on the available feedstocks and, in the UK, only 19%

of the AD potential is being delivered. Furthermore, there

Anaerobic digestion (AD) is a widely used biological pro-
cess with open mixed cultures, typically aimed at produc-
ing methane, which is then used for energy generation.
However, AD could also be used in a biorefinery context
to produce chemicals such as short-chain organic acids,
ethanol, and hydrogen, which are intermediates in the
digestion process [1, 2]. According to recent studies [3, 4],
most of the potential of AD for the generation of energy
is still undelivered. Indeed, on a global scale AD generates
less than 1% of the electricity it could potentially generate

is no currently full-scale production of chemicals using AD.

One of the reasons preventing the achievement of the
full potential of AD is the fact that most feedstocks are
made of slowly biodegradable substrates, i.e. substrates
that need to be hydrolysed before being metabolised by
microorganisms, for example lignin and lignocellulosic
biomass [5]. As an example of a slowly biodegradable
substrate, this study investigates the AD of cellulose with
open mixed cultures. Cellulose is the primary structural
component of lignocellulosic materials, which makes it the
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most abundant natural product in the biosphere [6]. The
recalcitrance of lignin and cellulose limits the use of ligno-
cellulosic biomass for fuels and chemical production. Most
of the hydrolysis-related problems are solved through feed
pre-treatments, which often involve high-temperature
high-pressure processes such as steam explosion and/or
enzymatic hydrolysis [7]. Enzymatic hydrolysis of cellu-
lose requires the synergistic actions of different enzymes,
known as cellulases. These cellulases, which are not recov-
erable from the conventional biological processes, con-
tribute to the increased process costs [8]. The high costs of
pre-treatments and enzymes are major constraints for the
scale-up and commercialisation of AD and biorefinery pro-
cesses which use cellulosic or lignocellulosic feedstocks.
Therefore, as an alternative to utilising chemical or
physical pre-treatments or external enzymes, this study
investigated the anaerobic fermentation of cellulose using
open (undefined) mixed microbial cultures without pre-
treatment to produce methane and chemicals.
Biodegradation of untreated cellulose has so far mainly
been investigated using pure cultures or mixed cultures
from specialised inocula, typically rumen contents. Pav-
lostathis et al. [9] used a pure culture of Ruminococcus
albus in continuous fermenters, obtaining cellulose deg-
radation of 30-70% with residence times in the range
0.5-2 days. Hu et al. [10] used rumen microorganisms in
batch experiments at various pH values, obtaining cellu-
lose degradation of up to 78%. Zhang et al. [11] observed
up to 81% cellulose degradation in batch tests with rumen
microorganisms. Singh et al. [12] isolated a novel thermo-
philic anaerobic bacterium (Clostridium sp. DBT-IOC-C19),
which was able to degrade cellulose up to 95%. Relatively
little research has been carried out on the anaerobic bio-
degradation of untreated cellulose using open mixed cul-
tures from non-specialised inocula. Chyi and Dague [13]
investigated cellulose degradation in continuous reac-
tors, using inoculum from anaerobic digesters, observing

cellulose degradation in the range 17-54%. Ueno et al.
[14] investigated the batch degradation of cellulose using
anaerobic sludge or sludge compost obtaining up to 58%
cellulose digestion. Soundar and Chandra [15] investi-
gated the degradation of cellulose in batch tests using
enriched mixed cultures inoculated from different sources,
obtaining up to 33% degradation of cellulose. Kinet et al.
[16] carried out batch tests with anaerobic sludge observ-
ing 85% cellulose degradation, which increased to 97%
with the addition of a cellulolytic consortium isolated from
composting plants. Siegert and Banks [17] observed up to
66% cellulose degradation in batch tests with anaerobic
sludge as inoculum.

The published studies on cellulose degradation by
anaerobic mixed cultures from non-specialised inocula,
which are the mixed cultures likely to be found in anaero-
bic digesters, have several limitations (Table 1 shows lit-
erature studies on cellulose degradation with mixed and
pure cultures):

e Most of these studies were carried out in batch, while
full-scale anaerobic digesters are likely to be operated
as continuous or semi-continuous processes;

e Most of these studies were carried out with relatively
low concentration of cellulose in the feed, usually up to
10 g L™". However, the concentration of slowly biode-
gradable substrates in biorefinery applications is likely
to be higher, to increase the concentration of the prod-
ucts and the productivity of the process;

e When the studies were carried out in continuous pro-
cesses, the range of investigated residence times was
relatively limited (up to 13 days), while the solids resi-
dence time of full-scale digesters is usually longer.

In this study, we aimed at filling the main gaps in the
reported literature studies and at extending the range of
experimental conditions investigated for the anaerobic

Table 1 Cellulose removal in

A . Reactor Microorg Initial or feed cel- Residence time or Cellulose Ref
selected literature studies lulose (g L") batch length (day) removal (%)
Batch Mixed culture 10 5 38 [14]
CSTR Mixed culture 5 10 61 [18]
CSTR Mixed culture 5 1.9-13.3 2-54 [19]
CSTR Mixed culture 7-14 1-3 17-54 [13]
Batch Clostridium cellulolyticum 39 5 91 [20]
29.1 5 21

CSTR Clostridium cellulolyticum 37 0.5-3 21-75 [21]
CSTR Ruminococcus albus 10.9 0.5-2.27 34-69 [9]
CSTR Ruminococcus flavefaciens 4.9 0.41-2.45 52-87 [22]
Batch Rumen 10 10 10-78 [10]
Batch Rumen 10 10 99 [23]
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degradation of cellulose by open mixed cultures. We inves-
tigated higher feed concentrations (up to 40 g L™') and a
wider range of residence times (up to 80 days) than any
other published studies. We carried out three extended-
length runs (run length in the range 518-734 days) by
varying the operating mode (batch and semi-continuous),
the residence time and the cellulose concentration and
measuring the formation of liquid phase products (organic
acids and ethanol), extending the results of our previous
study [24]. Furthermore, we used a mathematical model
with microbial hydrolysis of cellulose and growth on the
produced glucose to describe all the experimental data
obtained with the same set of parameters, and we used
the model to gain better insight into the reasons for the
observed results. To the best of our knowledge, this is the
first study that uses this model for the biodegradation of
slowly biodegradable substrates in both batch and con-
tinuous reactors at different operating conditions.
Overall, this study aimed to provide better insight into
the process conditions that affect the biodegradation of
slowly biodegradable substrates in a biorefinery context.

2 Materials and methods
2.1 Runs and inoculum

Three experimental runs were carried out (Runs A, B, C,
Table 2). Run A was done entirely in batch, Run C entirely
in semi-continuous mode. During Run B, the operating
mode was changed from batch to semi-continuous. In
Run A the inoculum was anaerobic sludge obtained from
Gask anaerobic digester (Turriff, Aberdeenshire, UK). The
Gask digester treats food industry and agricultural waste
and operates at 38-40 °C. The inoculum was stored in
fridge (2 °C) in order to minimise its degradation and was

Table 2 Experimental conditions

maintained at room temperature for 24 h before use. In
Runs B and C soil from Craibstone Farm (Aberdeen, Scot-
land), characterised in other studies [25, 26] and used in
previous studies in our group [27, 28], was used as inocu-
lum. The VS and VSS content of the Craibstone soil was
0.13gVS g~' and 0.12 gVSS g~'. The reason for choosing
both inocula was to use open mixed cultures of microor-
ganisms which were not previously acclimated to cellu-
losic substrates. The soil was stored at room temperature
in airtight Ziploc bags, homogenised manually and sieved
with a 150 um mesh before use.

2.2 Feed preparation

Pure crystalline cellulose (Sigmacell type 20, S-3504,
Sigma-Aldrich, UK), insoluble in water, was used as the
sole carbon source. The media comprised essential
macro-nutrients for the growth of the microorganisms (in
1L tap water): 20.0 g cellulose, 69.6 g K,HPO,, and 48.0 g
NaH,PO,, 2.0 g NH,CI, 0.125 g MgCl,.6H,0 and 0.09 g
CaCl,.6H,0. The phosphate salts were added to maintain
the pH in the range 6.8-7.0. For the runs with 40 g L™,
the feed was prepared with 40.0 g of cellulose per litre,
leaving the concentration of the other macro-nutrients
unchanged. The feed bottle was continuously agitated at
room temperature to maintain the cellulose in suspension.
The feed was prepared fresh every three or four days, the
feed vessel was thoroughly cleaned between feeds and no
degradation of the feed was observed.

2.3 Reactor set-up

All runs were carried out in glass jacketed vessels of
200 mL working volume. For the batch runs, 200 mL was
the volume at the start of the experiment, the volume then
decreased due to sampling. All vessels were continuously

Run Start-up Cellulose T(°C) Operating mode and residence time (day)
— feed con-
Inoculum Pre-cultivation centration
gL™
A Anaerobic None 20 35 Batch. Additions of cellulose at days 0 and 412
sludge (5%,
1.14gVsL™)
B Soil (1.3gVSL™")  Semi-continuous run at 20 25 Batch (until day 240), then semi-continuous with residence
2 days residence time for time 20 days (until day 301), 80 days (until day 533),
28 days 60 days (until day 630), 40 days (until end of run)
C Soil (1.3gVSL™")  None 20 (untilday 35 Semi-continuous with residence time 20 days (until day 140),
372),40 80 days (until end of run)
(until end
of run)

#Pre-cultivation refers to the period before the start of the data reported in Figs. 2, 3 and 4
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agitated using magnetic stirrers, with no settling phase,
and purged with nitrogen at the start of the runs to ensure
anaerobic conditions. The temperature of the reactors was
maintained at the desired temperature by water recircula-
tion from a thermostatic bath.

Runs A and C were started up by mixing the inoculum
and the feed and the experimental period reported in this
study started immediately. In Run B, after inoculation the
reactor was operated in semi-continuous mode at 2 days
residence time for 28 days. This part of the run was not
monitored regularly, but occasional sampling indicated
no cellulose removal. After 28 days, Run B was switched
to batch mode and the experimental period reported in
this study started. The start-up and operating procedure
for Run B was chosen based on the following considera-
tions: the reactor was started up under semi-continuous
mode at short residence time (2 days) to see whether
the unacclimated culture could degrade cellulose under
these conditions. Once no degradation of cellulose was
observed under these conditions, the operating mode was
switched to batch to increase the residence time. Once
cellulose degradation was observed, the operating mode
was switched to semi-continuous in a range of residence
times (20-80 days) to determine the minimum residence
time which could sustain cellulose degradation. In the
semi-continuous runs (Run C and part of Run B) the reac-
tors were fed once per day with a peristaltic pump con-
trolled by a programmable power management system.
The effluent was discharged with an overflow system. The
residence time (hydraulic and solids residence time coin-
cided) was controlled by changing the volume fed per day,
which was 10, 5,3.3 and 2.5 mL day ™" for residence times
of 20, 40, 60, 80 days, respectively.

2.4 Analytical methods

Samples were drawn from each reactor periodically and
analysed for pH, total (TSS) and volatile (VSS) suspended
solids, total (TC) and soluble (SC) carbohydrates, short-
chain fatty acids and chemical oxygen demand (COD, only
the total COD was measured). For each sample, 7 mL were
withdrawn from the reactors, and divided into aliquots
for TSS/VSS, TC and COD measurements. The measure-
ments on the soluble fraction (acids and carbohydrates)
were done on the filtrate produced from the TSS/VSS filtra-
tion. TSS and VSS were evaluated according to standard
methods [29]. Total COD (TCOD) was analysed using the
Spectroquant cell test method (Merck Millipore, method
number 114555) and the Spectroquant Nova 60 photom-
eter. Total (TC) and soluble (SC) carbohydrate analysis
were carried out using the Anthrone method, and the
liquid fermentation products were measured using Gas
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Chromatography (GC). Details on the analytical procedures
are reported elsewhere [30].

2.5 Calculations

Removal of VSS, TC and COD was calculated by compar-
ing the measured values in the reactor with the measured
values in the feed. For semi-continuous experiments,
the average removal was calculated based on the aver-
age values measured during the steady-state. The steady
state was assumed to be reached when, considering at
least five consecutive sampling points, both the maximum
deviation from the average of any data points and the ratio
between the values of the first and last considered points
were both below 15%.

2.6 Mathematical model

The mathematical model (Fig. 1) assumed that cellulose
(X5, Xso being the cellulose concentration in the feed) is
hydrolysed by microorganisms (biomass, X) to produce
glucose (S) and biomass then grows on the produced
glucose. The model also included biomass decay (endog-
enous metabolism) to produce inert biomass (X,). The
model was only aimed to simulate cellulose removal,
therefore fermentation products were not included.
The variables Xs and S were expressed in COD units
(gCOD L") while X and X, were expressed in g L™'. The
biomass X and X, was expressed in the model in g L™
rather than in gCOD L™ to be consistent with the most
typical method of biomass measurement, which is the
gravimetric measurement of the VSS. However, the bio-
mass values calculated by the model can be converted
in COD units using the appropriate conversion factor

Xs (cellulose)
Hydrolysis

S (glucose)
Growth

X (microorganisms) + products (not simulated)
Decay

Xi (inerts)

Fig. 1 Conceptual scheme of the model used in this study
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(often taken as 1.42, [31]). The model assumed perfect
mixing and the semi-continuous feeding/withdrawal
was simulated by continuous feeding/withdrawal. This
was acceptable considering that the length of the runs
and the residence times used were much longer than the
length of one cycle (1 feed per day).

The reaction rates and mass balances [Egs. (1)-(8)]
were based on published models [31]. The hydrolysis
kinetics was developed originally [32] to describe micro-
bial growth on soluble substrates. This rate equation has
been used in a number of studies [33-35] on soluble and
insoluble substrates.

Rate of cellulose hydrolysis:

gCcoD X/x
'y = =Ky

- — X (M
Ld KX+XS/X

Rate of glucose removal:

CcoD S
rs g - _MmGX L (2)
Ld K +5 Yys
Rate of biomass growth on glucose:

, gbiomass) umaXSX
X Ld K. +S

Rate of biomass decay (endogenous metabolism):

gbiomass
rend(T) = —bX (4)

Cellulose balance:

X _Q

pT v KXo —=X) + 1y (5)

Glucose balance:

s _ Q _
E_ VS+rs I (6)

Biomass balance:

ax Q
EZ—VX-FrX-Frend (7)
Inert biomass balance:

dx
—= _gx ~ lend @8)

dt v

In Egs. (1)-(8) k;,, Ky, Hmax Ks, b are the kinetic param-
eters, Q is the feed and effluent flow rate (L day™') (Q=0
in batch runs) and V is the reactor volume (L). The simu-
lated profiles of X, S, X and X, were obtained by solving
the mass balances (5)-(8) simultaneously.

The kinetic parameters were adjusted to fit the experi-
mental data of total and soluble carbohydrates collected
in Runs A, B, C. The soluble carbohydrates calculated
by the model Eq. (9), were considered to be the vari-
able S divided by the COD conversion factor for glucose
(1.067 g COD g~' glucose).

9 S

The total carbohydrates calculated by the model,
Eq. (10), were considered to be the sum of the Model SC
and of the carbohydrates in the variables X, X, X,. For X,
the carbohydrates were calculated by dividing Xg by the
COD conversion factor for cellulose (1.185 gCOD g™ ' cel-
lulose), for X and X, the carbohydrates were calculated
assuming that the microorganisms dry weight is made of
27% carbohydrates [3]:

X
Model TC<%> = ModelSC + =2 + (X +X) -027 (10)

In Eqg. (10), the contribution of the carbohydrates in
other biomass components (methanogens) was not con-
sidered, since the model only accounted for the microor-
ganisms which metabolised glucose directly. The results of
the simulations (Sect. 3) indicated that the carbohydrates
from the biomass X always accounted for less than 5%, and
in most cases for less than 1% of the Model TC, therefore
the inclusion of other biomass components wouldn't have
a significant impact on the modelling results.

Since the experimental data were collected at the tem-
peratures of 25 and 35 °C, the effect of temperature on
the kinetic parameters ki, 4, @and b was included in the
model. The temperature dependence of the hydrolysis
process was addressed by an Arrhenius-type relationship,
Eq. (11):

k=A.eORT ()

with k=kinetic rate constant, in this case k;,, Y. and b;
A=the pre-exponential factor, in this case called Ay, Aoy
A, for the parameters k;,, M. and b respectively; E, =the
reaction activation energy, in this case called E, ,, E, Hmax
E,, for the parameters k;, W, and b respectively; R=the
gas law constant (J mol™' K™™'); T=the absolute tempera-
ture (K).

The parameters A, Ea (for k, Pax @nd b), K, Ky, Yy /5, and
the initial biomass concentrations in the three Runs (X,,,
Xogr Xoc) were adjusted to fit the experimental data of TC
and SC. The fitting was done using Microsoft Excel Solver
by imposing that the squared difference between the cal-
culated variables and experimental data was minimised.
The data from all the experiments were weighed equally.
The mass balances were solved by numerical integration in
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Microsoft Excel, using a first-order finite difference method
and using Solver for parameter estimation.

3 Results
3.1 RunA

The results of Run A are reported in Fig. 2. After the first
cellulose addition at time O, total carbohydrates and VSS
decreased approximately linearly over the experimental
period (412 days). The objective of the second cellulose
addition at day 412 was to see whether the removal rate
would increase due to the acclimation and growth of the
microorganisms. In the second part of the experimen-
tal period, VSS and carbohydrates were removed but at
a lower rate than in the first part. Indeed, the average
removal rate of total carbohydrates after the second addi-
tion (0.026 g L™' day™') was lower than the average rate
after the first addition (0.040 g L™' day™"). Soluble carbohy-
drates were detected at very low or undetectable concen-
trations over all the length of the experiment. Liquid phase
products were only observed after the second addition of

]
Second cellulose addition

25 First cellulose addition

0 100 200 300 400 500 600 700 800

Time (d)

=
o

C

First cellulose addition Second cellulose addition

@®Acetate -OPropionate

g/L

O B N W B U1 O N 0 W

0 100 200 300 400 500 600 700 800
Time (d)

cellulose. Acetate and propionate were the only detectable
products and their concentration reached a maximum at
d 700 before decreasing to undetectable levels. However,
the large error bars for the liquid products profiles indicate
large deviations between the two duplicate experiments.
VSS and TC removal were 49 and 77%, respectively, at the
end of the experimental period for the first addition of cel-
lulose and were 37 and 49%, respectively, for the second
addition of cellulose.

3.2 RunB

The results of Run B are reported in Fig. 3. During the
batch phase, 69% of the initial VSS and 76% of the initial
TC were removed, however when the operating mode
was switched to semi-continuous with residence time
20 days, VSS and TC removal decreased as shown by the
rapid increase in VSS and TC concentration. When the
residence time was increased to 80 days, the removal of
VSS and TC improved, with the concentrations decreas-
ing until reaching approximately constant values. When
the residence time was decreased to 60 days, a slight
increase in TC and VSS was observed, indicating a slight

b

Second cellulose addition

[
|
|
25 First cellulose addition |
|
|

100
90 First addition d
80 m Second addition

70 [
60

40
30
20
10

VSS TC

Fig.2 Experimental data for Run A. a VSS; b TC and SC; c Liquid-phase products; d removal at the end of the first and second cellulose addi-
tion. The error bars indicate the standard deviation of two replicate experiments
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Fig.3 Experimental data for Run B. a VSS; b TC and SC; c liquid-phase products; d average removal at steady state in the semi-continuous

mode at different residence times

decrease in cellulose removal. The decrease in cellulose
removal was more evident when the residence time
was further reduced to 40 days. Liquid phase products
accumulated during the initial batch phase of the run.
Acetate was the main product, with ethanol detected
at lower concentrations. When the operating mode was
switched to semi-continuous, the liquid phase prod-
ucts rapidly decreased to non-detectable levels, which
is consistent with the rapid deterioration in cellulose
removal. When the residence time was increased to
80 days, acetate and ethanol gradually accumulated in
the liquid phase, however this accumulation was tran-
sient and their concentrations reduced again to non-
detectable levels before the residence time was reduced
to 60 days. No detectable concentration of liquid phase
products was observed during the rest of the run. At
steady state, the removal of VSS, TC and COD was as
follows: 54, 60 and 49%, respectively, at residence time
80 days; 45, 53 and 46%, respectively, at residence time
60 days; 19, 30 and 20%, respectively, at residence time
40 days.

3.3 RunC

The results of Run B are reported in Fig. 4. No degrada-
tion of cellulose was observed at residence time 20 days,
however after the increase in the residence time to
80 days both VSS and TC gradually started to decrease,
indicating that cellulose was being degraded. TC and
VSS reached approximate constant values between
days 300 and 372, when the feed concentration was
increased. The increase in feed concentration caused
a gradual increase in both TC and VSS concentrations,
which reached approximately constant values before the
end of the run. No liquid phase products were detected
in the initial part of the run, at residence time 20 days,
consistently with the observation of no cellulose deg-
radation under these conditions. The only detected
liquid phase product, acetate, accumulated when the
residence time was increased to 80 days, however, as
already observed in Run B, this accumulation was tran-
sient and acetate concentration dropped to non-detect-
able levels at approximately day 300, when the reactor
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Fig.4 Experimental data for Run C. aVSS; b TC and SC; ¢ liquid-phase products; d average removal at steady state for residence time 80 days

reached steady state. No accumulation of liquid phase
products was observed during the rest of the run. The
removal efficiency of VSS, TC and COD at steady state
was between 20 and 50% and decreased when the cel-
lulose concentration in the feed increased to 40 g L.

3.4 Mathematical model

The model generally describes the experimental data
well (Fig. 5), except for the first cellulose addition in Run
A. The model describes the time evolution of TC and
the effect of residence time in semi-continuous reac-
tors well (Run B from day 240 onwards and Run C up
to day 372). The model also describes the effect of cel-
lulose concentration well (Run C from day 372 until the
end of the run). The simulation of batch experiments is
also generally satisfactory for the batch part of Run B
and for Run A after the second cellulose spike. Instead,
the approximately linear profile of TC in the first part of
Run A was not well described, as the model simulates an
autocatalytic profile. The values of the adjusted model
parameters are reported in Table 3.
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4 Discussion
4.1 Rate and extent of cellulose degradation

The obtained experimental data in Runs B and C allow to
analyse the effect of the residence time on the steady-state
extent of cellulose removal and cellulose degradation
rate. Increasing the residence time, the extent of cellu-
lose (measured as TC) removal increases (Fig. 6). Cellulose
removal doesn’t occur at residence time of 20 days and
then increases up to the longest residence time tested in
this study, 80 days. This observation can be explained con-
sidering that as the residence time increases, microorgan-
isms are in contact with cellulose for longer and therefore
have more time to degrade it. The rate of cellulose removal
shows a maximum (approximately 0.17 g L™ day™') as a
function of the residence time. The reason for this is that,
as the residence time increases, the extent of cellulose
removal also increases but the volume of feed processed
per unit volume of reactor decreases. In our study, there
was no solid-liquid separation, so the residence time of
the liquid (hydraulic residence time, HRT) and of the sol-
ids (solids residence time, SRT) was the same. Based on
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Fig.5 Comparison of model and experimental results. a Run A; b
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these results, the introduction of a liquid phase separation
which allows to set the HRT and SRT at different values
(long SRT and short HRT) is expected to be beneficial. Long
SRT would favour high extent of cellulose removal and
short HRT would favour high volumetric rate of cellulose
removal. Our results in the batch runs (Run A and first part
of Run B) generally indicated higher extent of cellulose
degradation (up to 77%) than in the semi-continuous runs
and lower cellulose degradation rate (the average cellu-
lose removal rate was 0.08 g L™' day ' in the batch part of

Table 3 Values of kinetics parameters calculated for the model

Parameter Value Unit
Apimax 0.373 day™

A 6.21x 10% day™’

A, 80.9 day™
Eaumax 1006 Jmol™
Eaxh 53,578 Jmol™
Eap 16,001 Jmol™
Ks 0.010 gCcoD L™
Ky 6.83 gCobg™
Yy 0.40 ggcop™
Xoa 0.012 gLl™’

Xog 0.0067 gL

Xoc 0.46 gL
Mmax-AC, T=35°C 0.252 day™
Mmax-8, T=25°C 0.249 day™'
bac 1350 0.156 day™

bg 125 0.127 day™
Khoac, 7357 0.508 day™
Kneg, 72 25 °C 0.252 day™

The parameters pa,ac, 7= 35 °c, maxes, T= 25 °c, Pac, T=35°¢, Pg, 7= 25,
Kh-ac, T = 35 °c, Kh-g, T = 25 oc refer to the values of these parameters in
the three runs and are calculated from the corresponding param-
eters A and Ea according to Eq. (11)

100 0.18
A
90 A 0.16
® Run B A

80 Run C A 014 =
— 70 =
< ORunC, 40g/L 0.12
= 60 o
T ARunB ® 01 =
2 50 Run C ° =
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S 40 | ARunC 40g/L 2
3 o o 006 g
(@]
20 0.04 ~

10 0.02

0 A 0
0 20 40 60 80 100

Residence time (d)

Fig. 6 Comparison of TC removal (circles) and TC removal rates (tri-
angles) in the semi-continuous runs

Run B, and 0.04 and 0.03 g L™" day ' in the first and second
part, respectively, of Run A). These results can be explained
considering that batch runs allowed a longer contact time
between microorganisms and cellulose (up to 412 days,
first part of Run A), which favours high extent of cellulose
degradation but, conversely, gives low values of the cel-
lulose degradation rate. The effect of the operating mode
(batch vs semi-continuous) and of the residence time on
the cellulose degradation is also evident from the cellulose
and acetate profiles in Run B. The reason for the increase
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in cellulose concentration and for the drop in acetate con-
centration when the operating mode was switched from
batch to semi-continuous is that the initial residence time
in the semi-continuous mode (20 days) was too short for
the growth of the cellulose degrading microorganisms,
which instead resumed when the residence time was
increased to 80 days.

Only very limited investigation has been reported
(Table 1) on the effect of residence time in the anaero-
bic fermentation of cellulose with open mixed cultures.
Chyi and Dague [13] investigated the residence time in
the range 1-3 days with a feed cellulose concentration of
7 g L. They reported cellulose conversion in the range
17-54%, increasing with the residence time. Noike et al.
[19] worked with 5 g L' cellulose in the feed observing
cellulose degradation in the range 2-54% and increasing
as the residence time increased in the range 1.9-13.3 days.
Chiy and Dague [13] also investigated the effect of cel-
lulose concentration, in the range 3.6-13.8 g L™ at the
fixed residence time of 2 days, observing a virtually con-
stant cellulose conversion (39-44%) and, correspond-
ingly, an increase in residual cellulose concentration as
the cellulose concentration in the feed increased. Due
to the shorter residence time, the cellulose conversion
rates reported in these studies were higher than in our
study, up to 3.0 g L™' day™' [13], while the maximum cel-
lulose degradation was lower than the maximum value
observed in our semi-continuous processes. The effect
of residence time was also investigated with pure cul-
tures of cellulose-degrading microorganisms, with feed
cellulose concentrations in the range 3.7-10.9 g L' and
cellulose removal of up to 87%. The batch pure culture
study by Desvaux et al. [20] worked with different initial
cellulose concentrations, observing, in qualitative agree-
ment with the present study, a decrease in the extent of
cellulose degradation when the initial cellulose concen-
tration increased. Compared with these literature studies,
our study investigated higher cellulose concentrations
(upto40g L™ in a wider range of residence times (up to
80 days), and with a longer length of the runs (up to over
700 days). The maximum extent of cellulose degradation
reported for the semi-continuous runs in this study (60%)
isamong the highest reported in the literature for continu-
ous or semi-continuous cellulose-fed reactors with open
mixed cultures. However, this maximum cellulose deg-
radation was observed for significantly longer residence
times than other literature studies. This is probably due
to the higher cellulose concentration used in this study.
The comparison of reactor performance observed in this
study when the feed concentration was increased from 20
to40g L™" (Run C) and the study by Desvaux et al. [20] con-
firms the negative effect of increasing cellulose concentra-
tion on cellulose removal. In agreement with the results of
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the present study, the highest extent of cellulose removal
in literature studies was observed in batch runs rather than
in continuous runs, while the cellulose removal rates were
generally higher in continuous studies.

4.2 Mathematical model

To the best of our knowledge, this is the first time that
a mathematical model has been used to describe cellu-
lose degradation in wide range of operating conditions
(batch and continuous mode, different residence time
and cellulose concentration) with the same set of param-
eters. Although complex models of anaerobic digestion
have been proposed and used successfully in a number
of studies with real feedstocks (e.g. [36, 37]), those stud-
ies usually calibrated the models with a single type of
experiments, only batch [36] or only continuous [37], but
did not use the same set of parameters to describe dif-
ferent experiments run under different conditions (batch
and semi-continuous, different residence times) as we
did in this study. The fact that most of the observed
results can be described well by the model indicates
that this model is a powerful tool for the simulation and
design of anaerobic processes for cellulose degradation.
One important value of the modelling exercise is that the
model can help explain some of the observed experi-
mental behaviours. For example, the model explains why
the cellulose degradation rate after the second addition
in Run A is not higher than after the first addition. It was
expected that, due to microbial growth on cellulose after
the first addition, the cellulose degradation rate in the
second part of Run A would be higher than in the first
part, however this was not observed experimentally
(Fig. 2). We can explain this unexpected evidence based
on the concentration of active biomass in Run A simu-
lated by the model (Fig. 7a). Active biomass concentra-
tion is very low at the start of Run A and then increases
due to growth on the glucose from cellulose hydroly-
sis. However, due to the low rate of cellulose hydroly-
sis, microbial growth rate is also low and is counterbal-
anced by the endogenous metabolism (cell death) which
causes the concentration of active biomass to reach a
peak and then decrease. When the second addition
of cellulose is made at day 412, the activate biomass
concentration is very low and so the rate of cellulose
removal in the second part of the run is also very low.
The simulated biomass concentration in Runs B and C
(Fig. 7b, c) shows how biomass concentration evolves as
a function of batch and continuous conditions, residence
time and cellulose concentration. Another unexpected
behaviour simulated well by the model is the increase
in the steady-state cellulose concentration when the



SN Applied Sciences (2021) 3:778 | https://doi.org/10.1007/s42452-021-04750-x Research Article

1 T analysing the mass balance for glucose [Eq. (6)], which

0.9 | First cellulose addition | second cellulose addition a at steady state can be re-arranged to give:
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Fig.7 Calculated biomass concentration (X) according to the
model in Run A (a), Run B (b), Run C (c)

cellulose concentration in the feed is increased from 20
to 40 g L™". For a soluble substrate and microorganisms
growing with Monod kinetics, it is known [31] that the
effluent substrate concentration is only dependent on
the kinetic parameters and on the residence time, but it
is independent of the influent substrate concentration.
However, the results of this study and the mathematical
model show that this is no longer valid for slowly biode-
gradable substrates like cellulose. This can be shown by

(1 + b)L. For example, for Run C the term (l + b>L is

Yx/s X/s

equal to 0.42 gCOD g~' day ™' while the term x_ is equal to
0.0006 and 0.0004 gCOD g~ day™ when the feed concen-
trationis 20and 40 g L™ respectlvely Therefore, under the

conditions of Run C, the ratio th
X

pendent ofthe feed cellulose concentrat|on This means
that the ratlo = is essentially constant as the feed cellulose
concentrat|on increases from 20 to 40 g L™". Since the
active biomass concentration increases as the feed con-
centration increases (with the values of Run C, X was cal-
culated by the model to be 0.38 and 0.70 g L™" with feed
of 20and 40 g LT, respectively) it follows that X, i.e. the
cellulose concentration at steady state, has to increase as
the feed concentration increases, which is what we
observed experimentally. Physically, this means that, as
the biomass concentration increases, the cellulose concen-
tration in the reactor must increase so that all microorgan-
isms remain attached to the cellulose particles. This obser-
vation has not, to the best of our knowledge, described by
models before and can have important effects in the
design of anaerobic processes for cellulose (and other
insoluble substrates) degradation.

As far as the values of the kinetic parameters are con-
cerned, kinetic parameters of AD reported in the litera-
ture fall within a very wide range. For example Kalyuzh-
nyi [38] reported literature values for y,,,, on glucose in
the range 1.2-43 day ', for b in the range 0.01-0.4 day ™"
and for Yy, in the range 0.03-0.16 g g". Borja et al. [39]
obtained values for y,,,, in the range 0.1-0.3 day™". Yang
et al. [40] reported values of the growth yield in the wide
range 0.02-0.3 g gCOD™". Vavilin et al. [35] reported values
for the hydrolysis parameters in the range 1.5-12 day™' for
k, and 5-30 g g~ for Ky. Gavala et al. [41] reported values
for k;, for cellulose in the range 0.03-1.95 day™', depend-
ing on the temperature and on the residence time. In the
temperature range considered in this study, the kinetic
parameters .., and k, are expected to increase as the
temperature increases [42]. Generally, our values in Table 3
fall within the lower range of the reported literature values
for Y. and k;, while they are higher than the reported
range for Yy,s. The effect of temperature for our estimated

7 IS essentially inde-
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parameters is higher for k, than for b and is almost negligi-
ble for ... The higher value of Yy s obtained in this study
compared to other literature studies may be due to the
fact that in this model only the microbial population that
metabolises glucose was considered, while in reality the
products of glucose fermentation are metabolised further
by other microorganisms (e.g. methanogens) not included
in the model. In our model all the microorganisms are
lumped together in one single variable X, with one growth
yield Yy s and this may give higher values of Yy ¢ than the
true value which corresponds to the metabolism of glu-
cose-degrading microorganisms. Any differences between
the parameter values estimated in this study and the litera-
ture range may also be due to the behaviour of the micro-
bial communities used in this study. However, due to the
large number of parameters adjusted in this study, it is
possible that correlation effects between parameters are
also present, preventing the reliable estimation of individ-
ual parameters, as it is the case for many literature studies
[43]. It is important to observe that the aim of our model-
ling study was to prove the applicability of the considered
kinetic model to describe our experimental result, rather
than to estimate the values of the parameters accurately.
More experimental study in a wider range of conditions is
needed to improve the accuracy of parameter estimation.
While the values of the kinetic parameters estimated in
this study are only valid for the microbial communities we
used, we believe that the general trends simulated by the
model, e.g. the effect of residence time and of substrate
concentration, are also valid for other microbial popula-
tions, although further study is needed in this area. In addi-
tion to the kinetic parameters, the initial biomass concen-
tration was also an estimated parameter for each of our
experiments. Experiments B and C were both inoculated
with the same soil, however microorganisms in experi-
ment B were subject to a pre-cultivation of 28 days under
CSTR conditions (Table 2), where no significant cellulose
degradation was observed, which likely caused a wash-
out of the microorganisms, explaining the lower initial bio-
mass concentration in experiment B than in C. The lower
active biomass concentration in experiment A, inoculated
with anaerobic digester sludge, is probably due to the low
activity of this inoculum, which came from an anaerobic
digester operated at long SRT (50 days).

In summary, the mathematical model developed in
this study showed the ability to describe the main fea-
tures of cellulose biodegradation adequately. The model
was able to simulate batch and continuous experiments
and to explain the experimentally observed behaviour, i.e.
the approximately linear cellulose degradation in batch
tests and the effect of residence time and of feed cellu-
lose concentration in continuous reactors. After further
validation and calibration with other experimental data,
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the model could be used to simulate, design and optimise
AD processes treating cellulosic and slowly biodegradable
feedstocks.

4.3 Liquid-phase products

Liquid-phase products only accumulated during transient
phases, but they were never found at steady state in con-
tinuous runs. In Run B, acetate and ethanol accumulated in
the batch part of the run and, in the semi-continuous part
of the run, when the residence time was changed from 20
to 80 days, which triggered the start of cellulose removal.
A similar observation was made in Run C, when a change
in the residence time from 20 to 80 days triggered the start
of cellulose removal and a transient acetate accumula-
tion. However, in all continuous runs the products were
completely removed from the liquid phase as the run
progressed towards steady state. The observed removal
of COD at steady state was always close to the observed TC
removal (Figs. 3, 4), which is an indirect indication, using
the COD balance, that most of the removed cellulose was
converted to methane. Although our experimental set-
up was not aimed at measuring the production of biogas
and its composition, the indirect evidence of methane
production comes from the observed removal of the
total COD. Indeed, in anaerobic digestion any reduction
in the total COD of the effluent compared to the feed can
be attributed to the COD of the biogas [31]. Since carbon
dioxide does not give any contribution to the COD, the
only species in the biogas that can contribute to the COD
are hydrogen and methane. However, under the condi-
tions of this study, a significant hydrogen concentration
in the biogas at steady state is unlikely, due to the long
residence times and to the fact that hydrogen production
can only justify a relatively small fraction of the observed
COD removal [44, 45].

These dynamics of product formation and removal
can be explained with the dynamics of acidogenic and
methanogenic microorganisms. When cellulose starts
being removed, acidogenic microorganisms grow faster
than methanogens and liquid-phase products accumu-
late. However, if the residence time is long enough, as
time progresses methanogens slowly grow and convert
the liquid-phase products into methane. The slow growth
of methanogens can also explain why liquid-phase prod-
ucts were observed in the batch phase of Run B (aver-
age cellulose removal rate 0.08 g L' day™") but not in
the first phase of Run A (average cellulose removal rate
0.04 g L™ " day™"). Indeed, the lower cellulose removal rate
in Run A gave enough time to the methanogenic microor-
ganisms to grow and to convert the liquid phase products
into methane.
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Little experimental evidence has been reported on the
production of organic acids or alcohols from anaerobic
fermentation of cellulose with mixed cultures. Chyi and
Dague [13] observed that organic acids were the main fer-
mentation products from cellulose in continuous reactors
at steady state. This was due to the combination of low
pH and short residence time, which favoured wash-out of
methanogenic microorganisms.

5 Conclusions

Open mixed cultures have a promising potential in the
context of biorefineries of lignocellulosic waste because
they can convert pure cellulose without any chemical or
physical pre-treatments. In semi-continuous processes,
the conversion of high-concentration (20 g L™ cellulose
by mixed cultures under anaerobic conditions was found
to be greatly influenced by the residence time, with cel-
lulose removal of 60% at residence time 80 days. However,
cellulose removal was negatively affected as the cellulose
concentration in the feed increased from 20to 40 g L.
Under steady state conditions, indirect evidence from the
COD balance showed that cellulose was mainly converted
into methane, with liquid-phase products only accumu-
lating under transients. Under batch conditions, cellulose
removal of up to 77% was observed, however the cellulose
removal rates were lower than in semi-continuous pro-
cesses. A mathematical model which includes cellulose
hydrolysis and microbial growth on glucose was found to
describe most of the observed effects well, and to provide
insight into the reasons for the observed behaviours.
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