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Abstract

For the study of biogas production by anaerobic digestion of lignocellulose substrate, it was designed an experiment
in which the quantity of gas released by the anaerobic hydrogen producing bacteria was measured. The experiment
aimed to highlight the differences occurred in the quantity and composition of the gas provided in 5 consecutive
experiments conducted in similar conditions. The experimental data were processed and it was analysed the timeline
evolution of the gas production rate of which kinetic was numerically modelled by several three-parameter logistic
functions. Even being a preliminary study, it is innovative because it combines experiment with simulation and it proved
two mathematical models, based on Gompertz and logistic functions. It was found that the anaerobic digestion process
with hydrogen production has a sigmoid dependence on time.
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Introduction

The anaerobic digestion of biomass can be considered one of the
most promising technologies for renewable energy production. It can
provide biogas with high energy potential and thus it represents a
possible alternative to the conventional fuels like coal, wood, petroleum,
natural gas and others.

Hydrogen production using agricultural residues and wastes [1]
like cheese whey [2,3], rice straw [4], wheat straw [5,6], manure [7],
municipal waste [8], and food waste [9] has received special attention
currently.

Biomass rich in lignocellulose, like energy crops, agricultural and
forest management residues [10] and municipal wastes is a versatile
renewable energy source [11]. It can replace fossil fuels in power
and heat generation and natural gas in the production of chemicals.
Additionally it can also serve as a gaseous fuel [12].

Biomass with high lignocellulose content, like wheat straw and
other agricultural residues have a very compact crystalline structure,
thus they are hardly degradable [13] and conversion to hydrogen
through anaerobic fermentation is very hard [14]. Because wheat straw
residues are widespread all over the world and it could be gained at low
cost, its conversion to hydrogen is intensively studied [1,10], and could
be considered quite a good substrate for hydrogen production [15].

Straw is one of the major crop residues in Europe that could be
used for the production of biogas [16]. Wheat straw generally consists
of around (7.4-8.2)% lignin, 46% cellulose, 33.7% hemicellulose, and
forasmuch lignin physically shield the cellulose and hemicellulose
parts and it can be hardly degraded microbiologically under anoxic
conditions in engineered systems [17]. Because straw has a high
carbon-nitrogen ratio (C/N) and low levels of trace elements it limits
the activity and growth of microbes. In order to stimulate the anaerobic
digestion, different pre-treatment methods can be used [18,19].

Mathematical models can be used to explain effects of the various
components and to perform different behavioural predictions [20].
Many studies use mathematical models to study the microorganism
growth, cumulative hydrogen production [21]. Between the many
kinetic models of the gas production, are well known Gompertz [22,23]
or logistic [20,24].

The aim of this study was to model, from quantitative point of
view, the gas production through anaerobic fermentation of straw with
hydrogen producing microorganisms. A series of five experiments was
conducted and in each one the production of hydrogen was recorded. A
series of alternative models for the timeline gas production were fitted
and the best alternatives were selected.

Material and Methods
Samples gathering

Sediments samples, as source of digesting microorganisms, were
taken from Lake Héviz (Hungary) at the temperature of 29°C and at
the pH of (7.1-7.2) in April 18, 2011. In the sampling process were
considered two different areas of the lake: one was located in a foreshore
zone vegetated with plants from the Typhaceae family being labelled
“Typha” and the other one was located in the middle of the lake being
labelled “Sediment”. The samples were preserved at -20°C until the
beginning of the experiments.

Design of experiment

Each experiment of anaerobic digestion with gas production was
conducted with the same quantity of straw as substrate (250 mg),
the same quantity of culture media (25 ml), and the same number of
microorganisms (10°). The process of preparation for all the components
introduced in the culture bottles is presented in Figure 1.

The straw substrate was prepared by chopping followed by
sterilisation. The culture media was a DMSZ 640 modified and specially
prepared with the composition indicated in Table 1.

The Cysteine is added as a source of sulphur and seeks to reduce the
traces of oxygen. NaOH is added to adjust the pH to the value of 7.3. In
order to remove the oxygen, this media was boiled in the microwave and
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Figure 1: Sample analysis.
Components Modified
DSMZ 640

Distilled water [ml] 1000.00
NH,CI [g] 0.90
NaCl [g] 0.90
MgCl,-6H,0 [g] 0.40
KH,PO, [g] 0.75
K,HPO, [g] 1.50
Peptone [g] 1.00
Yeast extract [g] 0.50
Trace element solution SL-10 (DSM 320) [ml] 1.00
FeCl,-6H,0 [mg] 2.50
Straw [g] 0.25
NaOH [g] 0.50
Cystein — HCI-H,0 [g] 0.75
Resazurin [mg] 0.50

Table 1: Modified DSMZ 640 culture media.

[ Sampling: 10° microorganisms ]

[ Preparation of propagation medium: 250 ml media (DSMZ 640) ]

250 mg autoclaved straw l

Sample P1 and P2 with the dosage: | |Control sample 25 ml propagation
10° microorganisms + 25 ml medium + 250 mg straw
propagation medium + 250 mg straw (‘'negative control')

l Straw biodegradation (t = 55°C) ]

' !

[ Media + Microorganisms + Residues + Gas |

Figure 2: Propagation of the lignocellulose degrading bacteria.

Model |Rational Gompertz |Freundlich [Hill Weibull Logistic
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Table 2: Pre-selected alternatives for fit of the hydrogen production.

cooled down with nitrogen. In the anaerobic box it was measured and
closed with butyl robber stopper and for sterilizing it was autoclaved for
30 minutes, at 121°C and at 2 bars.

The microorganisms were counted using an Axio Vision 4.8
microscope and a Thoma counting chamber. The preparation procedure
was repeated two times for both Typha and Sediment.

Negative controls were made for control, to see that without the
microorganisms from the Lake Héviz, it produced negligible quantities

of gas, and the cultures were not contaminated throughout the
experiments.

The anaerobic digestion took place in each experiment, in the
culture bottles at the temperature of 55°C. Each experiment was
continued until the exhausting of the substrate by the bacteria, revealed
by the severe reduction of gas production. Each experiment was
continued for (21-30) days. The components of gas production were
hydrogen and CO,. Methane was not detected. Experiments succeeded
each other following the scheme presented in Figure 2.

For this study were used the results obtained in 5 consecutive
experiments.

Data processing

Some functions were considered to describe the time influence on
the cumulative gas production throughout the experiments. Indirectly,
the time is embedding the influence growing of microorganisms. The
first two functions taken into account were Gompertz [25] and logistic
[26].

Like in similar studies [27-29], a series of other possible alternatives
of fit: Rational, Freundlich, Hill and Weibull were pre-selected for
investigation from more than 100 available models, using FindGraph
Software [30]. The pre-selected models, considered in the study, are
presented in Table 2.

In all models, the variable x was assigned to the day of the
observation in all the considered models and each model estimate
the cumulative gas production, resulted from the experiments. The
considered alternative models to fit were investigated to identify the
adequate ones. The evaluation criterion for the evaluated models was
the reliable confidences in their parameters. Into the analysis were
considered independently 20 data sets, representing the data recorded
for each of the 5 experiments, corresponding to the four bottles of
culture: two bottles with Typha and to two bottles with Sediment. The
expectance for correct modelling was that no more than 1/20=5% can
have parameters with confidence not cancelling them.

Results and Discussion

Gas production

The results obtained from the 5 consecutive experiments are
presented in Figure 3. The figured gas production is representing the
normalized volume of gas, taking into account the temperature, the
pressure and the volumes of gas, extracted at each measurement.

l Sampling: 10° microorganisms l

l
Repeated l l
5 times <_|:|,>
l |
<—( Media + Microorganisms + Residues + Gas ]

Figure 3: Experiment repetition.
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The highest gas production was observed for the cultures Typha “a

and Sediment “@’, while the lowest gas production was observed for the
culture Typha “b”.

As it was expected, in the Negative controls culture bottles, no
changes were observed during the entire period of all the experiments:
the culture medium remained clear and the wheat straw substrate
remained unmodified. The gas productions in the Negative controls
culture bottles were insignificant, of (0.1-0.2) ml /ml until the day 10
of each experiment, when gas production completely stopped.

Evaluation of models

Four of the pre-selected models failed to correctly estimate the gas
production. In Table 3 are presented failure fits for these alternatives.
From all the evaluated models, only Gompertz and logistic,
accomplished the selection criteria. For these models, the estimated of
parameters, together with their relative confidence intervals are given
in Table 4.

The presented results show that parameters of the model might
change from one experiment to another. This inconsistency could be

Model Rational Freundlich Hill Weibull
Zazllure L "Ta2" "Ta4" 1T?2+ 7%
o 0.6+529% .1+122% 35£296% | o7 oco
os 1.8+£33%  1.2:96% 61£617% =" 197
= -b+ o
0 17 £ 86% 0.15+103%  08+75% o oo
Zazllure 2 "Ta3" "Ta3" "Tb3" 1T25+ 2.5%
o -3£848%  01£135% 13 17% 0SS0
b: 19£31%  1.6+92% 14£285% .7 o00°
- - I 0
s 98+97%  0.2+67% 08+81% ) 1pno

Each of these models failed to accomplish selection criteria
(already 2/20 unreliable estimates of the parameters)

Table 3: Failure fits for some of the pre-selected alternatives.

Model Gompertz

—b(x—c
Eq. a- e—g (x=c)
Estimates a b c
Ta1 1.1+£52% 0.25+27% 2.8+26%
Ta2 11+£7.2% 0.16 + 24% 52+17%
Ta3 1.3+5.7% 0.23 +23% 41+15%
Ta4 1.2 £28% 0.14 + 66% 55+51%
Ta5 1.3+4.3% 0.16 £ 17% 54+ 1%
Tb1 1.2+3.7% 0.33+23% 2.6 +20%
Tb2 0.79 £ 19% 0.09 + 43% 5.4 +44%
Tb3 0.78 £ 9.6% 0.18 + 34% 3.7 £ 26%
Tb4 0.79 £ 38% 0.12 + 69% 7.5+ 55%
Tb5 0.64 + 3.6% 0.26 + 24% 3.3+20%
Sa1 1.1+4.3% 0.26 + 23% 3.1+£19%
Sa2 1.2+5.3% 0.29 + 33% 2.3+34%
Sa3 1.0+2.8% 0.36 + 15% 3.0 1%
Sa4 0.88 £ 13% 0.29 +61% 5.7+23%
Sa5 1.0 £3.5% 0.22 +19% 49+12%
Sb1 1.1+£55% 0.3+32% 2.7 +28%
Sb2 1.2+5.3% 0.26 + 30% 2.7 +£30%
Sb3 1.2+4.2% 0.35+24% 26+19%
Sb4 1.1+£7.2% 0.39 +40% 3.8+21%
Sbs 1.2+3.2% 0.35+26% 2.7+22%

due to the slight differences in the quantity of substrate, in the quantity
of culture media and/or in the number of microorganisms participating
to the experiments.

Between the Gompertz and logistic functions are some differences
[31]:

- The Gompertz model is symmetric;
- The logistic model is asymmetric.

Both models are used quite frequently in modelling of the
experimental data as mentioned in [32-34]. When comparing the two
models it should be taken into account that:

- The Gompertz model has a double exponential dependence,
which is not the expected dependence for a kinetic of a chemical
process.

- When the width of the confidence interval, given in Table 4, is
averaged, one may find that the average of the relative width of
the confidence intervals of the parameters for Gompertz model
is 22.26% while for Logistic model is 20.27%, providing a better
estimation for the parameters of the digestion process.

Considering the logistic model more accurate than the Gompertz
model, as follows are presented detailed results of the estimations with
logistic model. Anyway further investigations, also with others models,
can be performed, to search for even more accurate estimation models.

The Logistic function model

The total gas production during the experiments, estimated by
the logistic model as function of time, is presented in Figure 4. The
parameters of the Logistic function are those presented in Table 4.

For all the 5 experiments and for all cultures, the gas production
was almost continuous in the first part and then stagnated in the last

Logistic

a(1+e™)
a B

Cc
1.1+£6.2% 0.34 +37% 4.4 +23%
1.1+5.4% 0.24 +21% 74+12%
1.2+3.5% 0.35+ 18% 5.7 +8.9%
1.1+ 25% 0.20 £ 62% 8.0 +47%
1.3+£2.5% 0.23 £ 11% 7.8+59%
1.2+4.9% 0.46 + 34% 3.8 £20%
0.73+12% 0.15+31% 8.5+ 27%
0.75 +5.6% 0.27 + 24% 5.7+ 15%
0.72 + 30% 0.19 £ 59% 10 +£45%
0.63 £ 3.6% 0.35+27% 4.9 +14%
1.1+54% 0.36 + 33% 4.6 £19%
1.2+5.6% 0.4 £6% 3.7 £ 26%
1.0£3.1% 0.51 £ 18% 4.2+9.7%
0.83+11% 0.62 = 79% 6.6+ 19%
0.99 2% 0.32+12% 6.8 +5.5%
1.1+£6.4% 0.41 +43% 4.1+25%
1.2+6% 0.36 + 37% 4.2 +25%
1.2+54% 0.48 + 33% 3.8+19%
1.1+£7.2% 0.62 +43% 4.9+ 18%
1.2+3.6% 0.47 £ 32% 3.8+ 18%

Table 4: Estimation of the parameters (a, b, ¢, d) along with their confidence.
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Figure 4: Volume of cumulated gas through the five repetitions of the
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Figure 5: Digestion modelled by Logistic function as are estimated for the
experiments.
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Figure 6: Digestion modelled for culture Typha B.
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Figure 7: Digestion modelled for culture Sediment A.

period of experiments. This behaviour explain the sigmoid or “S” shape
of the presented curves and simultaneous the sigmoid character of gas
production dependence of time. Similar character of gas production in
anaerobic digestion of biomass was reported in several references [35-
37].

As it can be observed, there are some significant differences between
experiments:

- The shapes of the dependences may be related with the
accessible surface of the straw to the microorganisms;

- The total quantity of the produced gas may be related with the
total bioactive content of the straw.

The results of the modelling with the Logistic model are presented
for each of the anaerobic digestion for each of the two types of cultures:
Typha and Sediment and for each of the two culture bottles used in each
experiment:

« »

- The results for culture Typha “a” are presented in Figure 5;
- The results for culture Typha “b” are presented in Figure 6;
- The results for culture Sediment “a” are presented in Figure 7;
- The results for culture Sediment “b” are presented in Figure 8.

The synthetic analysis of the data presented in Figures 5-8, is
presented in Table 5.

As it can be seen in the table, the culture "Typha a" had a gas
production between 0.8-1.25 ml, /ml, with the percentage of hydrogen
in the produced gas was between 22.21%-34.06%, leading to a
hydrogen production of 0.18-0.43 ml /ml. The lowest gas production
corresponded to the culture "Typha b" with 0.63-1.26 ml /ml, with
the percentage of hydrogen in the produced gas was between 12.83%-
22.91%, leading to a hydrogen production of 0.08-0.29 ml /ml. The
duration of the experiments was between 22-33 days for all cultures.
The moment of stagnation was different and usually started at days 13,
15, or 18.
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Figure 8: Digestion model for culture Sediment B.

It can be observed that hydrogen production obtained from the
experiments and from correlated modelling, are in good agreement
with similar values reported in the literature [38-40], but are under the
values reported by [15,41-43].

Conclusion

The study presents both experimental and modelling results
concerning the gas production during the anaerobic digestion of
biomass with high content of lignocellulose.

The analysis of the gas production revealed the sigmoid character
of the gas production dependence of time in the anaerobic digestion of
biomass. It was highlighted that this character is typical for this process,
as it was previously reported in literature.

It were evaluated several models for the timeline of gas production
and for all the considered models was analysed the expectance for
correct modelling.

Two of the 6 models considered in the study passed the selection
criterion and were considered correct. The two models are Gompertz
and logistic. The study could not obtain clear evidence on about which
model is the best one to be used for these estimates, and requires further
investigation, but it could be stated that Logistic model is more accurate
than Gompertz model.

The Logistic model was used to provide detailed information and
characteristics of the gas production in anaerobic digestion of biomass.
It was provided synthetic information about the following: duration of
experiments, total gas production, moment of stagnation and hydrogen
production.

The study proved that anaerobic digestion of biomass with
lignocellulose presents high potential for hydrogen production to be
used in energy applications.
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