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pollution (2). Methane as a compartment of
Background biogas and the product of anaerobic digestion is
an energetic compound. Mostly, it is used to
produce the electricity in wastewater treatment
facilities and power plants (3).
The degradation of an organic matter to biogas
is a very complex process. ldentified sub
processes of degradation are hydrolysis,
acetogenesis and methanogenesis (figure 1) (4).
The first step is hydrolysis which contains of
three parts of the hydrolysis of proteins,
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Investigation on optimized approaches for
sustainable energy production is required in
facing of increasing competition for energy
consumption besides preventing the
environmental negative impacts (1). Biogas
production through anaerobic digestion of the
cattle manure produces renewable energy
carriers and prevents the environmental
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carbohydrates, fats and oil respectively to
amino acids, sugars, glycerol and fatty acids
(5). The hydrolysis rate depends on the
biopolymer, substrate concentration, particle
size, pH value and temperature (6).

Complex Substrate

Hydrolysis
Performed by hydrolytic bacteria
(facultative anaerobes)

l

Simple Substrate

Acid production, including acetogenesis
{facultative anaerobes)

Y

Acetate, Formate, CO5, CO, Ha,
Methanol, IMethyl Amine, Propionate,
Butyrate

I

Methan production {(methanogenesis)

|

CHy + COy

Figure 1) Basic stages of the anaerobic digestion
process and production of methane (4).

Acidogenic phase includes the fermentation of
amino acids and simple sugar as well as the
anaerobic oxidation of long chain fatty acids
and alcohols by acid-forming bacteria. Beside
carbon dioxide, water and hydrogen gas
primarily acetic, propionic, butyric and valeric
acid will be accumulated (7).

Acid-forming bacteria are fast-growing type
with a minimum doubling time of about 30
minutes. They prefer degradation to acetic acid,
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since this step results in the highest energy
yield for their growth (4).

Anaerobic oxidation of intermediates such as
volatile fatty acids to acetic acid and hydrogen
by acetogenic bacteria is called acetogenesis.
An accumulation of hydrogen gas has to be
avoided due to the inhibition of this sub-process
by hydrogen gas. Therefore, hydrogen-utilizing
and acetogenic bacteria live in agglomerates
close together (8).

Acetogenic bacteria grow rather slowly with a
minimum doubling time of 1.5 to 4 days even
under optimum conditions such as a low
concentration of dissolved hydrogen gas (4).
The last phase is methanogenesis which
indicates the methane production by methane
bacteria out of acetate and out of hydrogen and
carbon dioxide. All methane forming bacteria
so far studied utilize hydrogen gas to reduce the
carbon dioxide to methane (9). These hydrogen
utilizing methane bacteria grow relatively fast
with a minimum doubling time of about 6 hours
(4). The larger share of the methane (about
70%) is produced by acetoclastic methane
bacteria out of acetate (4). Because of the low
energy Yyield of this reaction, acetoclastic
bacteria grow very slowly with a minimum
doubling time of 2 to 3 days (4). All sub-
processes are affected by ambient conditions
such as temperature, pH value, alkalinity,
inhibitors, trace and toxic  elements.
Furthermore, all sub-processes are linked to and
influenced by each other. Although there are
still discussions which step is the rate-limiting
step, the degradation of acetic acid to methane
is rate limiting (10).

There are many factors affecting the anaerobic
digestion processes. pH as one of the effective
factors in the production of biogas is an
important indicator which should be set
between 6.6 and 7.6, at the values of more than
7.6, digestion can continue with less efficiency
(11-13).

ORP is an indicator of the capacity of the
molecules in the wastewater or sludge to
release or gain electrons (oxidation or
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reduction, respectively). Generally, at values
greater than +50 mV, aerobic respiration may
occur and from +50 to -50 mV, anoxic
respiration (denitrification). At values less than
—100 mV, not only anaerobic respiration may
occur but also we have the production of mixed
acids and alcohol fermentation and sulfide
removal (14,15). Methane fermentation starts at
values less than —200 mV. Usually, in a mixed
culture of fermenting organisms which are exist
in an anaerobic digester, methane fermentation
occurs in values less than -300 mV. This is due
to the inability of the methane-forming bacteria
to successfully compete with other fermenting
organisms at values greater than —-300mV (14).
Aims of the study:

In this research, the biogas production was
monitored daily. Furthermore the changes of
pH, ORP and electrical power through biogas
production and their compatibility with biogas
production were investigated. The result of this
study can be used in designing and operating
biogas reactors to optimize the production and
capital costs.

Materials & Methods

Substrate preparation
Fresh cattle manure was used as substrate for
this research. During the operation of the
reactor, no sludge was discharged except for
sampling.

Figure 1) The prepared pilot
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Experimental set-up and operation

One single chamber reactor which made of one
cylindrical housing with the volume of 1150 ml
was used. Biogas production trend was
precisely followed by its compatibleness with
pH and ORP ranges. The reactor was
maintained in a warm water bath to support the
temperature range at 37+ 0.5°C.

This experiment was set for 120 days,
approximately. Generally, on the base of the
biogas production, the reactor performance was
defined firstly as the stage 1 between days (1-
16) and stage 2 between days (17-120). After
that stages were compared with the changes of
pH and ORP. Finally on the base of biogas
production changes and its compatibility with
pH and ORP changes, five phases were
determined.

Analytical methods

In the experiment, the biogas volume was
documented every day. Totally, 15 samples
were taken from the substrate of the reactor and
from them pH, ORP and electrical current were
determined. In order to measure the volume of
the biogas production, a volumetric gas meter
model (Behinab G8) was used. It gathered
produced bobbles in special container and after
its filling, it was discharged subsequently; then
a magnetic sensor counted each discharged
volume of gas in container. According to the
number of emptied container one can measure
the time and volume of the produced biogas. It
was possible to measure the volume of
produced gas on daily basis. Oxidation
Reduction Potential (ORP) and pH of the
samples were measured by a portable multi test
device (AZ 86505) on a weekly basis. Electrical
current was measured by the multichannel
potentiostat (WMPG100, WonATech, Korea).
On the base of the measured voltage (mV),
current (mA) and resistance (m Ohmes), the
electrical power was determined and used for
the analysis.
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trend of pH and ORP changes in the biogas

Results process.

Table 1 shows a summary of the results of the
biogas production, pH and ORP changes in
different phases in control.

Figure 2 shows the trend of the biogas

production and Figures 3.a and 3.b show the
Table 1) Summary of the results of biogas production, pH and ORP changes in different phases in control reactor

. Biogas production Mean of ORP
Phase No. Day Time (d) (ml) Mean of pH (mV)
1 1-7 7 442 6.75 -218
2 8-16 9 166 6.99 -341
3 17-77 61 20922 7.74 -396
4 78-104 27 2630 7.74 -250
5 105-120 16 0 7.67 -190
800
% 700 Biogas Production
5 600
S 500
S 400
o
§ 300
S 200
m
100
0
0 20 40 60 80 100 120
Time (d)
Figure 2) Biogas production trend
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Figure 3) (a) Changes of pH through biogas production, (b) changes of ORP through biogas production
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Figure 4) trend of electrical power changes in the reactors

Discussion

The reactor substrate was set to contain total
solid of 16 % (16). Volatile solid was measured
to be 76% of total solid (16). Also the TKN of
the substrate was 1.23% and TOC of that was
measured about 28.3%.

The biogas phases are determined on the base
of gas production in the reactor. Throughout the
120 days of operation, the biogas production
and flux and gas yield rate were measured.
Bousek et al. investigated the impact of strip
gas composition on side stream ammonia
stripping as a technology aiming at the
reduction of high ammonia levels in anaerobic
reactors. They found the effect of oxygen
contact during air stripping showed a distinct,
though lower than perceived, inhibition of
anaerobic microflora. Inhibition due to the
oxygen exposure was lower than other gas (18).
Figure 2 states that there are some bacterial
activities and rest which cause risings and
fallings in the biogas production and its
compatibility with pH and ORP changes. On
the base of these risings and fallings each
determined continued rising and falling were
considered as a phase. On the base of this
presumption, it could be determined five
operational phases. These phases were
happened between the days 0-7, 8-16, 17-77,
78-104, and 105-120 respectively. Ugochuk et

al. investigated the rates production of biogas
from various organic wastes and weeds which
enabled the determination of an optimal ratio of
poultry droppings to domestic wastes. The gas
production did not begin until the 7th day and
increased steadily at first; then increased
sharply until it reached its peak on the 18th day
before declining. The total gas produced within
the 22 days of experimentation was 1771 cm®.
The maximum volume of gas amounting to 809
cm3 was produced by the sample, containing
50% poultry dropping and 50% weeds (19).

In the phase 1, there is a rising until the day 4
and falling until the day 7. The volume of
biogas is 442 ml and pH mean is 6.75 and ORP
is -218 mV. These conditions are adapted to the
hydrolysis phase of the biogas production (14).
Phase 2 is happened through 9 days. The biogas
production volume in this phase is 166 ml with
the pH=6.99 and ORP=-341 mV. These
conditions are mostly adapted to the acidogenic
phase of the biogas production (14). Phase 3 is
the main phase of the process which 20922 ml
of the biogas is produced in this phase. In this
phase, pH is 7.74 and ORP is -396 mV. This
phase is also adapted to the methanogenic
phase (14). There is a sudden change in the
ORP values in the phase 4. In the phase 4, the
biogas production is 2630 ml and the means of
pH and ORP are 7.74 and -250 mV,
respectively. Although the mean value of ORP
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IS to some extend out of the biogas production,
still the phase 4 can be considered as the
methanogenic phase. There is not the biogas
production in phase 5 and pH and ORP values
are 7.76 and -190 mV, respectively. On the
base of conditions for the biogas production, it
seems that the phase 5 is out of the biogas
conditions.

Finally, in this research the duration of the
hydrolysis was estimated for 7 days. Also, the
acetogenic phase was about 9 days and the
methanogenic phase lasted for 88 days. More
than 97% of gas was produced in the
methanogenic phase.

Most of the previous research worked on the
duration and the biogas production rate and
they did not researched the phases duration
separately. Duration of the biogas production in
this research is more than the results of
Zamalloa et al. 2011. In their research, the
biogas production lasted for 75 days but in
ours, it was 104 days. Their maximum biogas
production rate was 0.12 and ours was 0.55
Lbiogas/Lreactor) (17).

Electrical power is the rate at which the
electrical energy is transferred by an electric
circuit. As stated, the electrical power is
calculated on the base of an electrical voltage,
multiple to an amperage or voltage in power 2
divided by resistance in different reactors.

As it is shown, in the reactor 1, there is an
increase in the curve from day 1-7 in reactors 1.
These changes are happened in the phase of the
hydrolysis. After that, a severe decrement is
occurred until day 11 and a continued gradually
until day 28. Most of the changes are happened
in the acidogenic phase. After that a gradual
increment is happened until the end of the
biogas process.

The Franziska et al. study showed that the
biogas production provided an attractive
investment opportunity, especially for large
farms which led to a boost in the biogas
production. The heterogeneous ability of farms
to invest in biogas plants could be partly
addressed by policies that ease investments for
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smaller and less competitive farms by providing
additional subsidies for smaller plants. On
average, biogas farms could not increase their
profitability. The main reason for this effect can
be seen in the fact that a significant share of the
value added is transferred via increased rental
prices to land owners (20).

Study of Reddy et al. showed that the
renewable energy based, decentralized energy
systems proved to be a viable option for
sustainable power production especially in rural
areas. The results based on experimental
analysis showed that the power deterioration of
32% on raw biogas (21).

Conclusion

In this study, the biogas production through
anaerobic digestion was studied. On the base of
the results, the phases of the biogas yield can be
determined by the measuring of pH, ORP and
its compatibility to gas production.

In the researched reactor, the hydrolytic phase
was occurred in the days 1-7 and at this time
the mean value of pH and ORP were 6.75 and -
218 mV, respectively. Less than 2% of total gas
was produced in this phase. The acidogenic
phase was happened between days 8-16.The
mean value of pH and ORP were 6.99 and -341
mV, respectively and less than 1% of gas was
produced in this phase.

Finally, the methanogenic phase was occurred
between days 17-104. More than 97% of biogas
was produced in this phase and the mean value
of pH and ORP were 7.74 and-396 mV,
respectively.

In the reactor that most of the produced
electrical power was occurred in the hydrolytic
phase which states hydrolytic bacteria produced
more electrical power and after that the values
are low which shows in the acidogenic and
methanogenic phases the bacteria consumes
energy to produce biogas instead of electrical
power.

Volume 5, Number 2, Spring 2016

© 2016 Publisher: Research Center for Environmental Pollutants, Qom University of Medical Sciences. All rights reserved. 134



« Investigation of Phasic Process of Biogas ...

Footnotes

Acknowledgements

The authors should acknowledge Iran National
Science Foundation (INSF) for supporting the
research.

Conflict of Interest: The authors declared no
conflict of interest.

References

1. Cheng S A, Xing D, Call DF, Logan BE. Direct
biological conversion of electrical current into methane
by electromethanogenesis. Environ Sci  Technol
2009;43(10):3953-3958.

2. Sakar S, Yetilmezsoy K, Kocak E. Anaerobic
digestion technology in poultry and livestock waste
treatment — a literature review. Waste Manag Res
2009;27(1):3-18.

3. Pham TH, Rabaey K, Aelterman P, Clauwaert P,
De Schamphelaire L, Boon N, et al. Microbial fuel cells
in relation to conventional anaerobic digestion
technology. Eng Life Sci 2006;6(3):285-292.

4. Gerber M, Span R. An Analysis of Available
Mathematical Models for Anaerobic Digestion of
Organic  Substances for Production of Biogas,
International Gas Union Research Conference, Paris
2008.

5. Parawira W, Murto M, Read JS, Mattiasson B.
Profile of hydrolases and biogas production during two-
stage mesophilic anaerobic digestion of solid potato
waste. Process Biochem 2005;40(9):2945-2952.

6. Batstone DJ, Keller J, Blackall LL. The influence
of substrate kinetics on the microbial community
structure in granular anaerobic biomass. Water Res
2004;38(6):1390-1404.

7. Stams AJM, Plugge CM, De Bok AFM, Van
Houten BHGW, Lens P, Dijkman H, et al. Metabolic
interactions in methanogenic and sulfate-reducing
bioreactors. Water Sci Technol 2005;52(1):13-20.

8. Rodriguez J, Kleerebezem R, Lema JM, Van
Loosdrecht MC. Modeling product formation in
anaerobic mixed culture fermentations. Biotechnol
Bioeng 2006;93(3):592-606.

9. Kotsyurbenko OR. Trophic interactions in the
methanogenic microbial community of low-temperature
terrestrial  ecosystems. FEMS  Microbiol  Ecol
2005;53(1):3-13.

10. Liu J, Olsson G, Mattiasson B. Online monitoring
of a two-stage anaerobic digestion process using a BOD
analyser. J Biotechnol 2004;109(3):263-275.

Abdoli MA, et. al / Arch Hyg Sci 2016;5(2): 129-135

11. Chen Y, Cheng JJ, Creamer KS. Inhibition of
anaerobic digestion process: A review. Bioresour
Technol 2008;99(10):4044-4064.

12. Gao WJ, Lin HJ, Leung KT, Liao BQ. Influence
of elevated pH shocks on the performance of a
submerged anaerobic membrane bioreactor. Process
Biochem 2010;45(80):1279-1287.

13. Ukpai PA, Ibeh GF, Agbo PE, Elekwa CA. Effect
of pH on the volume of gas produced from cowpea,
cassava peeling. J Phys Sci Innov 2011;3:44-49.

14. Gerardi M. The Microbiology of Anaerobic
Digesters. New York: John Wiley & Sons Inc; 2003.

15. Li Z, Song Q, Wang D, Zhang J, Xing J. A novel
up-flow inner-cycle anoxic bioreactor (UIAB) system for
the treatment of sulfide wastewater from purification of
biogas. Water Sci Technol 2012;65(6):1033-1040.

16. APHA-AWWA-WPCF. Standard methods for
the examination of water and wastewater. 20th ed.
American Public Health Association (APHA), American
Water Works Association (AWWA), Water Pollution
Control Federation (WPCF); 1998.

17. Zamalloa C, Arends JBA, Boon N, Verstraete W.
Performance of a lab-scale bio-electrochemical assisted
septic tank for the anaerobic treatment of black water. N
Biotechnol 2013;30(5):573-580.

18. Bousek J, Scroccaro D, Sima J, Norbert W, Fuchs
W. Influence of the gas composition on the efficiency of
ammonia stripping of biogas digestate. Bioresour
Technol 2016;203:259-266.

19. Ugochukwu C, Ejiroghene O, Anthony O.
Comparative study of the optimal ratio of biogas
production from various organic wastes and weeds for
digester/restarted digester. J King Saud Univ Eng Sci
2016. [Article in Press]

20. Franziska A, Arlette O, Alfons B. Effects of the
German Renewable Energy Act on structural change in
Agriculture - The case of biogas. Utilities Policy 2016.
[Article in Press]

21. Reddy K, Aravindhan S, Mallick T. Investigation
of performance and emission characteristics of a biogas
fuelled electric generator integrated with solar
concentrated photovoltaic system. Renewable Energy
2016,92:233-243.

Archives of Hygiene Sciences

Volume 5, Number 2, Spring 2016

© 2016 Publisher: Research Center for Environmental Pollutants, Qom University of Medical Sciences. All rights reserved.

135



