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ABSTRACT
The objective of the study is to determine the characteristics
characteristics of three different substrates
substrates-sewage
sludge from waste water treatment plants, waste grown algae and the waste paper from the waste bins
- and the influence of these characteristics on biogas production when they are added in a batch
reactor under the anaerobic digestion. Integration of sewage sludge with waste paper and algae in
anaerobic co-digestion
co digestion has a great advantage on the treatment of sludge from Municipal Wastewater
Treatment plants (WWTP). The study assess the bio methane potential and kinetics of
biodegradability of the substrates
substrates before they are added for a co digestion. The bio
bio-methane potential
study shows that the three substrates are biodegradable and can complement each other if used in co
codigestion. From the degradation study it is found that degradation kinetics of tthe sludge is almost 50%
faster than the waste paper and 33% faster than the algae.
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INTRODUCTION
According to the report of UNFA 2007, the speed and scale of
urbanization and the population today are far greater than in the
past and it reflects severe effect on the environmental economic
and social balance of the nature. This scenario led to the
unprecedented increase in the atmospheric concentrations of
carbon dioxide, methane and nitrous oxide ever before
befor and the
magnitude of increase in temperature in the atmosphere.
Concentration of these greenhouse gases (GHG) in the
atmosphere escalates the global warming. In view of the GHG
emissions and trimming down the fossil fuel reserves, it is
enforced to find an alternative low carbon energy sources. In
this context, biogas from wastes, residues, and energy crops
will play a vital role in future. Large amount of sludge is daily
produced at wastee water treatment plants (WWTP).
(WWTP) Waste
grown microalgae are also a promising
romising biomass for the biofuel
production. The organic fraction of Municipal Sludge creates
a nuisance to the landfills and continue to cause environmental
problems. Algae is a photosynthetic organism that utilises
sunlight and freely available raw materials
erials such as nutrients
from wastewater and CO2 from the atmosphere to
synthesize and accumulate large quantities of neutral lipids and
*Corresponding author: Amritha Ajeej,
Department of Built and Natural Environment, Caledonian College of
Engineering, Muscat, Sultanate of Oman.

carbohydrates. To a certain extent algae can reduce the
environmental impact and waste disposal problems. Also, it can
play a major role in the treatment/utilization
ment/utilization of waste water
water.
The production of biogas through
ough anaerobic digestion offers
significant advantages over the other forms of bioenergy
production. It has been appraised as one of the most energy
energyefficient and environmentally beneficial technology for
bioenergy production. These technologies can maximi
maximise
recycling and recovery of waste components to a value added
product. Sewage sludge is regarded as the residue produced by
the wastewater treatment process, during which liquids and
solids are being separated. It is the nutrient
nutrient-rich organic
materials resulting
esulting from the treatment of domestic/industrial
sewage in a wastewater treatment facility. Feedstock is defined
to include any substrate that can be converted to methane by
anaerobic bacteria. The main components of organic waste are
Carbon, oxygen, nitrogen,
rogen, hydrogen and phosphorus).And, the
microbial cell material in the feed stock consists about
approximately 50, 20, 12, 8 and 2 % of those elements,
respectively.. The carbonaceous organic matter in wastewater is
referred to as the substrate which is co
converted during biological
treatment. The anaerobic digestion is strongly depends on the
type, availability and complexity of the substrate. Algae are
simple microorganisms which are either aquatic or
microscopic. It may be autotrophic, heterotrophic or by
mixotrophy. They are consuming Carbon dioxide from the
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atmosphere or environment, and using the sunlight produce
either carbohydrates or fat or oil and proteins. Through any of
the three processes, algae can produce carbohydrates, lipids and
proteins over a short period of time, which can then be
processed to generate biofuels. The biomass of algae are
composed of three essential components namely carbohydrates,
proteins and natural oils. Pulp and paper industries are the
most polluted in the world. Also, it consumes more energy and
water. The major raw material for pulp and paper production is
trees which contains cellulose fibers, other carbohydrates and
lignin. These waste are the fraction of a municipal solid waste
and are not always source-sorted, but can be directly added for
anaerobic treatment. . Main characteristic of the cellulosic
wastes is the very ‘high ‘C/N ratio’ in the range of ‘173 –
1000’. The ‘C/N ratio’ suggested for the optimum production
of biogas for anaerobic digestion process is 20–30. The
organic waste degraded in the absence of oxygen by a groups
of microorganisms is termed as anaerobic biodegradation.
During the stages of anaerobic digestion, the degradation steps
are carried out by different consortia of microorganisms.
Angelidak (1992) and Wieland (2007) suggested that
hydrolysing and fermenting microorganisms are responsible for
the initial attack on polymers and monomers and produce
mainly acetate and hydrogen and varying amounts of volatile
fatty acids such as propionate and butyrate. The measurement
of the methane yield and the kinetics of degradation of the
organic matter of particulate substrates in batch reactors
presents several advantages compared to the traditional BMP
measurement method: (i) The measurement made with
acclimatized biomass as the experimental protocol in batch
reactor is required in successive batches until the biogas
profiles of one batch is similar to the other. Indeed,
experiments carried out in batch reactors have shown that the
kinetics of the first batch is very often quite different from that
of the other batches. So it is very important to take this into
account for the measurement of the kinetics of degradation.
The volume of biogas produced over time during the batches
can be monitored online making it possible to measure
accurately the kinetics of biogas production for each batch.
This study was undertaken to provide the bio methane potential
of the substrates algae, paper and sludge and also to find the
biodegradation and degradation kinetics of these substrates.
Also, the study will lead to find the possibility of the co
digestion of these substrate.

MATERIALS AND METHODS
Substrates
This paper focuses on characterization of municipal sludge,
waste paper and algae as substrates to be used in co-digestion.
The sludge samples were collected from primary tank of an
activated sludge treatment plant handling municipal
wastewater. Sewage sludge collected from the primary settling
tank of WWTP was mixed homogeneously and allowed to
settle. The settled sludge was then concentrated to 4g/l.
Scendesmus obliquus is a freshwater micro algae that can grow
in industrial wastewaters of different origins showing good
adaptation ability. And, it is a very versatile microalgae as raw
material for biofuels production (Miranda et al., 2012). In the
present study the microalgae cultivated in municipal
wastewater in 1.5x0.7x0.7m glass tank with a provision of
supplying carbon dioxide and oxygen. Algae cultured at the lab
was collected and passed through a micro-sieve to remove the
other impurities. The laser print waste paper collected from the

waste bin of computer centre was shredded into pieces of size
0.5x0.5 cm.
Reactors
The experiments were carried out in a reactors of 6-L effective
volume with double wall shown in Figure 1. The temperature
has been maintained in mesosphelic range (35±2 °C) by a
regulated water bath. A system of magnetic stirring was used
for the continuous mixing inside the reactor. The biogas
production was measured on-line by Millie gas counter MGC-1
flow meters (Ritter gas meters) fitted with a 4-20 mA output.
The software supplied by the manufacturer was used to count
the gas output.

Figure 1. Experimental Set-up

Inoculum
The reactors were seeded at a volatile suspended solids
concentration (VSS) of around 24 g VS/l with horse dung.
After seeding and before starting the addition of the waste, the
reactors were fed 2ml and 5 mL of ethanol as sole source of
carbon and energy to confirm the activity of the sludge.
Sampling and analysis: The pH inside the reactor was
continuously monitored online and maintained at 7.5±0.5,
using Metler Toledo pH probe Inpro 4260i. Biogas volume and
biodegradation of substrate was calculated as a function of
time. The samples from the reactor was collected before the
feed of each of the batch and analysed for Thermal
conductivity (TC), Total solids (TS), Suspended solids (SS),
volatile suspended solids (VSS) and chemical oxygen demand
(COD). The biogas volume and flow rate was recorded online
through data acquisition software supplied by Ritter milli
counter gas flow metre. The COD soluble was determined
using HACH digestion method. The characteristics of the
substrates is shown in Table 1.
Table 1. Characteristics of Substrates

71.89

TC
gm/Kg VS
85

TKN
gm/Kg VS
13

55.69
74.6

475
105

3.5
20

Substrate

%TSS

%VS

Sewage Sludge

10.66

Waste Paper
Algae

4.58
10.34

C/N
13
135
5.03

RESULTS AND DISCUSSION
Reactor was operated for 55 days initially to study the digestion
performance of the substrates separately. The observation of
the parameters and the analysis is shown below in Figure 2,3,
4and 5.
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and an increase in VFA concentration in the reactor fed with
algae. Accumulation of the VFA concentration affects the pH
and subsequently biogas volume was reduced. If the loading
rate is kept increasing, the VFA concentration will exceed the
limit and the reactor becomes unstable due to the acidification.
Considering the start up time for the biogas production it was
observed that sewage sludge started the reaction/production of
the biogas early about 4-5 hours and for paper start up time was
observed between 20-24 hours and for the algae between 15-20
hours. Higher cellulose content in the paper and thickened cell
walls of the algae be the reason for this delay in the reaction.
Figure 2. Biogas Volume of the Substrates

Figure 3. Volatile Fatty Acid Concentration vs. Time in mono
substrate digestion

Fig. 6. Typical curve showing total biogas and derivative of net
biogas VS time: Reproduced from

Bio Degradation study of the substrates

Figure 4. Volatile solid Concentration vs. Time in mono substrate
digestion

It is common in anaerobic reaction that biogas is continued to
produce and it was difficult to identify and understand the end
of the reaction. When the biogas volume produced was very
low or the flow rate is reduced, then it was considered as the
end of the reaction. Calculation of the biogas produced during
the endogenous phase is illustrated in Fig.6. Segregation of
these two phases is very difficult. When the reaction was over
and the organic matter added was eliminated at the end of the
batches, the biogas production rate became very low. The time
when the sludge was back to its endogenous activity could be
assumed as per Figure 6. The net biogas production is
calculated by subtracting the endogenous respiration from the
total volume of biogas produced. The average specific kinetic
of degradation was calculated by dividing the quantity of
substrate added (in VSS) by the duration of the batch and by
the volatile suspended solids (VSS) concentration in the
reactor. The figure 6 shows the typical plot total and net biogas
with time.
Biomethane Potential (BMP) =
×%
(

--- (1)

)×

Degradation kinetics =
×
×

----- (2)

Figure 5. Variation in pH vs. Time in mono substrate digestion

From the observations of the digestions of the substrates it was
observed that biogas volume produced by the sewage sludge is
less compared to the algae and wastepaper. Also for the
substrates algae and waste paper, COD reduction is about 6080% compared to the sewage sludge. The reduction in COD
and VSS is significant in the digestion performance in the case
of algae and waste paper. It was observed that a decrease in pH

The average specific kinetic of degradation was calculated by
dividing the quantity of substrate added (in VS) by the duration
of the batch and by the volatile suspended solids (VS)
concentration in the reactor. This parameter was also measured
when 80% of the total volume of biogas was produced. In this
study, the organic matter of the substrates were divided into
compartments according to the degradation kinetics of the
substrates. (e.g. rapidly or slowly biodegradable). From Fig.7
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the net biogas yield for sludge was found to be 100 ml/h, and
for paper and algae, between 175 – 325 ml/h. The specific
degradation kinetics values were different for all the three
substrates. Paper had low degradation kinetics when compared
to Sludge and algae. The methane yield of algae and paper was
more when compared to sludge in Fig.8. The increase in
cellulose activity resulting from paper was another possibility
for increase in methane yield (Ammonia inhibition and
‘recalcitrant cell walls’ are commonly cited causes of the lower
yields from AD (Anaerobic Digestion of algae). For algae the
ammonia accumulation is caused by the high Nitrogen content
causing low C/N ratio and high carbon materials like sludge
and waste paper has been suggested as suitable co-digestion
substrate. The degradability of the microalgae seemed to be
limited possibly due to the resistance of the micro algal cell
wall.

Figure 7. Net biogas vs. time for Sludge, Paper and Algae

Figure 8. Methane yield and degradation kinetics for Sludge,
Paper and Algae

Conclusion
Characteristic study of the substrates showed that all the
substrates were produced biogas. Under anaerobic conditions
all the three substrates were well digested by itself. Increase in
organic loading rate generates VFA accumulation in the reactor
which affected the pH and biogas production inversely. The
bio-methane potential study shows that the three substrates are
biodegradable and can complement each other if used in codigestion. The waste paper and algae can balance C/N ratio and
can increase the cellulose activity. From the degradation study
it is found that degradation kinetics of the sludge is almost 50%
faster than the waste paper and 33% faster than the algae. It can
be concluded that a synergetic effect at mesophilic conditions
will be formed in the reactor at the time of co digestion of
these substrates and it will enhance the biogas production by

balancing the nutrient composition in the reactor.
The degradation kinetic study helps to compartmentalise the
substrates to slow, medium and fast degrading. This might help
to assess initially, the proportion of each of the substrates when
put into the reactor in co-digestion, which would finally
improve the methane potential.

REFERENCES
Abdel-Raouf, N., Al-Homaidan, A., & Ibraheem, I. 2012.
Microalgae and wastewater treatment. Saudi Journal of
Biological Sciences, 257-275.
AE News, 2015, September 22. Alternative energy news, and
information about renewable energy technologies.
Retrieved January 26, 2016, from ALTERNATIVE
ENERGY-:
http://www.alternative-energy-news.info/
waste-renewable-energy-source/
Brune, D. E., Lundquist, T. J., & Benemann, J. R. 2009.
Microalgal Biomass for Greenhouse Gas Reductions:
Potential for Replacement of Fossil Fuels and Animal
Feeds. Journal of Environmental Engineering, Volume
135, Issue 11.
Chen, Y., Jay, J. C., & Kurt, S. C. 2008. Inhibition of
anaerobic digestion process: A review. Bioresource
Technology, 99 pp 4044-4064.
Das, A., & Mondal, C. 2016. Biogas Production from Codigestion of Substrates: A Review. International Research
Journal of Environment Sciences, 49-57.
Eddy, M. & 2003. Wastewater Engineering Treatment and
Reuse. Fourth Edition. 7 west Patel Nagar New Delhi: Tata
Mc Graw-Hill.
Eposito, G., Frunzo, L., Liotta, F., Panico, A., & Pirozzi, F.
2012. BMP tests to measure the biogas production from the
digestion and co-digestion of Complex organic substrates.
Open J Environ Eng., 51-8.
Gerardi, M. H. 2003. The Microbiology of Anaerobic
Digesters, by. New Jersey: John Wiley & Sons, Inc.,
Hoboken.
Hodaifa G., M. M. 2009. Daily doses of light in relation to the
growth of Scenedesmus obliquus in diluted three-phase
olive mill wastewater,J. Chem. Technol. Biotechnol., 84,
1550-1558.
Kangle, K. M., Kores, S. V. & Kulkarni, G. S. 2012. Recent
Trends in Anaerobic Codigestion: A Review. Universal
Journal of Environmental Research and Technology,ISSN
2249 0256, Volume 2, Issue 4: 210-219.
Martinez-Sosa D, Torrijos, M., Buitron, G., Sousbie, P.,
Devillers, P., & Delgenes, J. 2009. Treatment of fatty solid
waste from the meat industry in an anaerobic sequencing
batch reactor: start-up period and establishment of the
design criteria. Water Science and Technology, 2245-2251.
Rojan, P. J., Anisha, G. S., Madhavan, N. K., & Ashok, P.
2011) Micro and macroalgal biomass: A renewable source
for bioethanol. Bioresource Technology, 102 186-193.
Sayadi, M. H., Ghatnekar, S. D., & Kavian, M. F. 2011. Algae
a Promising Alternative for Biofuel. Proceedings of the
International Academy of Ecology and Environmental
Sciences, pp. 1(2) (112-114).
Schwede, S., Kowalczyk, A., Gerber, M., & Span, R. 2013.
Anaerobic co-digestion of the marine microalga
Nannochloropsis salina with energy crops. Bioresour
Technol., 428-35.
Subhadra, B., & Edwards, M. 2010. An integrated renewable
energy park approach for algal biofuel production in United
States. Energy Policy, 38 4897–4902.

39799

International Journal of Current Research, Vol. 08, Issue, 10, pp.39795-39799, October, 2016

Torrijos, M.,P. S.-G. 2013 June. Characterization of Particulate
Substrates in Batch Reactors for Design and Modelling
Purposes. Proceedings of the 13th IWA world congress on
anaerobic digestion, (pp. 25-28). Santiago de Compostela,
Spain.
UNFPA. 2007. State of world population 2007.Unleashing the
Potential of Urban Growth. Retrieved March 28, 2016,
from http://www.unfpa.org/: https://www.unfpa.org/sites/
default/files/pub-pdf/695_filename_sowp2007_eng.pdf

Wiley, P. E., Campbell, J. E., & McKuin, B. 2011. Production
of Biodiesel and Biogas from Algae: A Review of Process
Train Options. Water Environment Research, 326-338(13).
Yebo, L., Park, S. Y., & Jiying, Z. 2011. Solid-state anaerobic
digestion for methane production from organic waste.
Renewable and Sustainable Energy Reviews,15, 821-826.
Yen, H. W., & Brune, D. E. 2007. Anaerobic Co-Digestion of
Algal Sludge and Waste Paper to Produce Methane.
Bioresource Technology, 98 130-134.

*******

