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ABSTRACT

This study aimed to characterize anaerobic batch biodegradation of five
co-digested mixtures in terms of methane yield and energy production as
follows: Mixture 1 (potato waste + sugar beet leaves), mixture 2 (cattle
dung), mixture 3 (water hyacinth + cattle dung), mixture 4 (rice straw +
cattle dung + poultry droppings) and mixture 5 (bagasse + cattle dung).
Effects of stirring, dry oxidation and water scrubbing processes on the
biogas quality were also examined. The peak values of gas generation
reached up to 0.344 and 0.476 L/L/day for control and handle stirring in
case of mixture 5. The results showed significant differences in biogas
production between control and stirring for different mixtures. The biogas
generation increased by stirring with 60.33% compared to control. The
highest values of CH; were 75, 69.7 and 68.6% for mixtures 1, 5 and 3,
respectively. The average CO, ranged from 31.65 to 37.46%, while H,S
contents ranged from 2017.6 to 2622.4 ppm. Average removal efficiencies
of CO; and H,S reached up to 94.84 and 97.2%, respectively. Upgrading
biogas enriched it with methane content up to 95.71% and increased its
calorific value up to 31.28 MJ/m’. It could be concluded that, the mixing
and stirring as well as dry oxidation and water scrubbing processes have
an important role and efficacy in the biogas production quantity and
quality. Recycling of wastes and biogas production requires strong
governmental support to be successful.
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INTRODUCTION

iomass and agricultural wastes represent a large potential

renewable energy source, which could benefit society with a clean

fuel in the form of methane (Chanakaya et al., 1997; Chynoweth et
al., 2001 and Jagadish et al., 1998). Biogas technology is being seriously
promoted as an important option to meet the growing energy demand of
rural areas in developing countries. It provides a clean and efficient fuel
for several end uses such as cooking, lighting, water pumping and other
motive power applications. It also ensures the recycling of nutrients in the
bovine dung and other biodegradable feed stocks to the soil. One of the
promising applications of biogas is for mechanical power generation
through internal combustion engines to drive pumps, generators, grinding
mills and other equipment in rural areas.
Applications of anaerobic digestion have increased during the past 30
years. The process involves the treatment of agricultural and industrial
wastes of varying types in the production of biogas. Interest in the
anaerobic treatment of agro-industry wastes is increasing because it is
economical, has lower energy requirements and is ecologically sound, may
lead to environmental benefits, pollution reduction, energy production and
improvements in agricultural practices among several other advantages,
compared with aerobic treatment processes (Landine et al., 1982 and Borja
et al., 1994). The process produces digested sludge, which is mainly used
as fertilizer for crop production since the nutrients in the raw material
remain in the mineralized sludge as accessible compounds (Francese et al.,
2000). Treating wastes to yield fuel while, recycling nutrients constitutes a
sustainable cycle.
Anaerobic digestion is a complex, natural, multi-stage process of
degradation of organic compounds through a variety of intermediates into
methane and carbon dioxide, by the action of a consortium of
microorganisms (Gujer and Zehnder, 1983; Noykova et al., 2002; Tafdrup,
1994 and Tafdrup, 1995). The interdependence of the bacteria is a key
factor in the anaerobic digestion process. Instability during both the
start-up and operation of the anaerobic degradation process can be
problematic due to the low specific growth rate of the methanogenic
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microorganisms involved (Bjornsson et al., 1997).

Anaerobic digestion of waste and wastewater can be performed in batch,
or as continuous processes. In normal batch digestion, reactors are filled
once with fresh waste, with or without the addition of inoculum, and
allowed to go through the degradation process leading to the formation of
biogas. Anaerobic batch digestion experiments are useful because they can
be performed quickly with simple, inexpensive equipment, and are useful
in assessing the rate at which a material can be digested (Lissens et al.,
2001 and Stewart et al., 1984).

There is significant potential for anaerobic batch digestion in developing
countries, which have substantial amounts of biomass. However, African
nations are not the only ones with such resources. In Europe, particularly
Denmark and Germany, large amounts of waste biomass are being utilized
for energy production.

There is a lack of information on methane yield from various organic
substrates including potato and on the influence of different operating
parameters such as TS (Total solids) and ISR (Inoculum substrate ratio).
The ISR shows the effect of substrate concentration during anaerobic
digestion as well as the effect of inoculum concentration on anaerobic
degradability and methane productivity (Fernandez et al., 2001).

The amount of one type of organic waste generated at a particular site at a
certain time may not be sufficient to make anaerobic digestion
cost-effective all year round. Co-digestion then becomes an interesting
alternative as it is a well-established concept (Ahring, 1992; Kaparaju et
al., 2002 and Misi and Forster 2001) and it has many advantages
(Mata-Alvarez et al., 2000). Co-digestion as a process has been examined
for a wide range of waste combinations (Tafdrup, 1994 and Rushbrook,
1990). However, much of the information in the literature involves
co-digestion of cattle manure with other agro-waste where the manure
provides nitrogen for the system (Francese et al., 2000; Ahring et al., 1992;
Callaghan et al., 1997 and Callaghan et al., 2002).

Most industrial co-digestion plants treat the organic fraction of municipal
solid waste plus sewage (Mata-Alvarez et al., 2000). However, no
scientific reports were found on co-digestion of potato waste and sugar
beet leaves under Egyptian conditions. The beet leaves provide additional
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nitrogen to the system.

The anaerobic mesophilic process (at about 35 °C) is that most widely
used. Generally, the anaerobic process is the subject of current research, as
a result of the biogas evolved as a by-product of such a process.
Degradation of volatile suspended solids (VSS) in the conventional
mesophilic anaerobic process is about 40% at retention times between 30
and 40 days (Cook, 1986 and Owen and Parkin,1986). In the thermophilic
range (about 50-60 °C) sludge degrades at a much higher rate (50% of
VSS degradation in 10 days retention time).

Under conditions of unstable operation, intermediates such as volatile fatty
acids (VFAs) and alcohols accumulate at different rates depending on the
cause of the instability (Gujer and Zehnder, 1983). The most common
causes of imbalance are hydraulic or organic overloading, the presence of
toxins and changes in the substrate concentration. Several parameters are
used as indicators of stress, such as variations in gas production rate, gas
composition, pH, partial alkalinity and VFA concentration (Powell and
Archer, 1989; Jenkins et al., 1991 and Bjornsson et al., 2001). Increased
stability and performance in anaerobic reactors can be achieved if the
microbial consortium is retained in the reactor. The high organic content
and degradability of potato waste make it one potential source of
renewable energy from agricultural and market wastes in Egypt. The raw
material can, however, be seen as representative of many other kinds of
starch-rich biomass for conversion to biogas.

Water hyacinth a native of South America is abundantly found in Egypt
and South East Asia etc. Due to vegetative reproduction it spreads rapidly
clogging drainage, ditches, shedding out other vegetations and interfering
with shipping and recreation. The concept of using aquatic plants for
conversion to energy (methane) is gaining attention in tropical and sub
topical regions of the world where warm climate is conductive to the plant
growth through out the year (Shoeb and Singh, 2000).

Production of biogas could be a continuous process. However, its use is
limited near to the site of the biogas plant. The presence of uncombustible
gases like CO,, H,S and water vapour reduce its calorific value and make
it uneconomical to compress and transport to longer distances. It is
therefore necessary to remove these gases before compression (Kapdi et
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al., 2005).

Bhattacharya et al. (1988) developed one such water scrubbing system.
The process provides 100% pure methane but is dependent on factors like
dimensions of scrubbing tower, gas pressure, composition of raw biogas,
water flow rates and purity of water used. Dubey (2000) tried three water
scrubbers having diameters 150 mm (height: 1.5 m), 100 mm (height: 10
m) and 75 mm (height: 10 m) to absorb CO, present (37—41%) in the
biogas. He found that the CO, absorption is influenced by the flow rates of
gas and water than different diameters of scrubbers.

Water scrubbing method is popular for CO, removal in sewage sludge
based biogas plants in Sweden, France and USA. The results show that
5-10% CO; remains in biogas after scrubbing (Wellinger and Lindeberg,
1999).

The contradictory findings reported in the literature about the effect of
mixing on the performance of anaerobic digesters bring the need of
extensive research in this direction. This paper describes some initial
studies to characterize the anaerobic batch biodegradability and methane
generation potential of cattle dung and a mixture of different agricultural
wastes, kitchen wastes and water hyacinth in terms of methane yield and
energy production. Furthermore, handle stirring and scrubbing the
produced biogas to minimize its contamination were also examined.

MATERIALS AND METHODS

1. Experimental set-up

An experimental biogas pilot plant was constructed and installed at the
experimental farm of the Faculty of Agriculture, Kafrelsheikh University
during the period of 2005-2006. The biogas plant consists of 10
polyethylene tanks (Cylindrical in shape), each one having a gross volume
of about 120 liter. These polyethylene tanks were used as inoculum in the
batches. Five digesters were equipped with a handle stirrer, a shaft of 2.5
cm diameter and 125 cm length. The stirrer provided with 8 blades fixed at
two levels 4 near the tank bottom and 4 near to the substrate surface. Each
blade has 1.5 cm thickness, 5 cm width and 35 cm length. The cover was
secured to the reactor by means of steel belt, and a rubber gasket was fitted
between the cover and the vessel to provide a gas-tight seal. The other five
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digesters were used as control without stirring. To minimize the variation
of slurry temperature and maintain conditions close to the mesophilic, the
digesters were operated under plastic house which could be semi-shaded
during summer and without shade during winter. Figure 1 shows one
digester used for control (A) and another used for stirring (B), while the
remaining digesters having the similar mechanism.

2. Substrates

To prepare the slurry for mixing testes, some of the raw materials were
collected from the research and experimental farm of the Faculty of
Agriculture, Kafrelsheikh as follows: Cattle dung and poultry droppings
were collected from the livestock barns (with concrete floor). The required
quantities of rice straw and bagasse were air dried and chopped to small
pieces (3-5 cm). Sugar beet leaves was collected from the farm, while
water hyacinth (Eichornia crassipes) was collected from irrigation channel
(to avoid heavy metals) and the fresh materials were chopped also to small
pieces 3-5 cm. Potato residues (kitchen wastes) were collected from the
student restaurant, Kafrelsheikh University. Different combinations of the
materials were manually homogenized before setting it in the digesters.
The chemical composition of different materials is presented in Table 1.
Water was added to the different prepared raw materials to form slurry of
desired total solids concentration (7.9-10%). The amount of water required
to adjust the total solids of slurry was calculated as follows according to
(Lo et al., 1981).

bk, [<TSTS_TS>] "

Where: dig

Dy = dilution water required, L (kg);

R,, = amount of raw materials added, kg;

TS,., = total solid friction of raw materials; % and

TS4ie = total solids of fermentation materials, %.
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Fig. 1. Schematic diagram of the experimental set-up: Digester type A
used as control, while digester type B was equipped with handle
stirrer.

2.1. Preparation of the starter (inoculum) for the digester
Enrichment cultures of methanogenic microorganisms capable of
producing CH4 were established as follows: Starter (inoculum) for the
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Table 1. Initial chemical composition of agricultural-animal and water

hyacinth mixtures used for biogas production.

Constituent Mixture 1 | Mixture | Mixture 3 | Mixture 4 | Mixture 5
2

PH 82+0.1 | 7.5+0.1 | 7.7+0.1 | 7.5+0.1 | 6.5+0.1

Total solids (%) 16.5+ 18.4 + 153 + 233+ 16.45 £
0.2 0.2 0.2 0.2 0.2

Volatile solids 89.3+ 81.6 £ 82.1 =+ 76.18 + 88.65 £

(% of TS) 0.1 0.2 0.2 0.1 0.1

Total Kjeldahl | 2.25+ 1.76 + 1.6 0.1 1.99 + 1.13+0.1

nitrogen (% of TS) 0.1 0.1 0.1

Organic carbon (% | 53.6+ 46.7 + 41.82 £ 437+ | 51.5+£0.1

of TS) 0.2 0.1 0.2 0.1

Carbon:  Nitrogen | 23.82 26.5 26.14 21.96 45.57

ratio (C/N)

digester was prepared using the reactor broth of running cattle dung based
biogas plant. A 50 ml from cattle dung was suspended in 10 flasks of 1000
ml capacity containing 450ml medium no. 119 (Methanobacterium
medium), medium 120 (Methanosarcina medium) and medium no. 141
(Methanococcus sp. medium) according to (DSMZ. 2004) which were
used to enriched methanogenic bacteria, and were incubated for 4 days at
40°C under anaerobic conditions (incubation was in closed desiccators
which was free from O;). This procedure was repeated four times.

To allow the culture of each enriched culture to be adapted to the actual
conditions of the digesters and increase the methanogenic bacterial
concentration it was inoculated with the mixture suspended bacterial
culture grown in the previous medium ( with ratio 1:1:1). Then, it was
transferred to size digester of 20 liter capacity and mixed with grinded rice
straw to increase the reactive area. Smaller particles provide a large
surface area available for the microorganisms resulting in increased
microbial activity, thus the anaerobic biodegradability could be increase.
Enrichment was done by repeating the inoculation in the selective medium
for five times. The ultimate culture, adapted to the actual slurry condition
was used as the seed culture to inoculate the digesters feed. Using the pour

Misr J. Ag. Eng., January 2009 541



plate method, dry weight analysis and by microscopic analysis the

concentration of acidogenic and methanogenic bacterial consortia was

always determined to be 0.10 and 0. 64 mg/ml in the seed culture,

respectively. The volume of inoculum was always kept at 10% (v/v) of the

reactant volume. The culture was thoroughly mixed and filtered through a

1 mm pore size screen before use.

Initially the digesters were fed with influent slurry and starter to fill 80%

of the reactor volume. The burnt lime was added to each digester to buffer

the digesting slurry at pH close to 7.

The following samples (mixtures) of sludge were tested to determine the

methane yield productivity:

- Digesters A; and B; (mixture 1): 50% sugar beet leafs + 50% potato
(kitchen wastes) + starter + water,

- Digesters A, and B, (mixture 2): 100% cattle dung + starter + water,

- Digesters A3 and B; (mixture 3): 40% water hyacinth + 60% cattle dung
+ starter + water,

- Digesters A4 and B4 (mixture 4): 20% rice straw + 60% cattle dung +
20% poultry droppings + starter + water, and

- Digesters As and Bs (mixture 5): 50% bagasse + 50% cattle dung +
starter + water.

The reactors denoted A was used to evaluate the digestion control, while B

was equipped with handle stirrer to evaluate the stirring performance. The

slurry in the digesters was stirred manually for 10 min, three times daily

(at about 7.00 am, at 13.00 pm and 6.00 pm). All the reactors were

operating under the same conditions from the beginning to the end of the

experiment. The digestion was carried for about 60 days and terminated

when the gas production almost ceased.

3. Analytical methods

The anaerobic digestion process was evaluated by measuring the following

parameters: Total solids (TS), volatile solids (VS), pH and daily biogas

production. Total volume of the biogas generated was measured by

displacement technique and the gas composition was determined by using

gas chromatography. The compounds detected were methane, carbon

dioxide and hydrogen sulfide. All analyses were performed per standard

procedures (APHA, 1998), unless otherwise mentioned. Total Kjeldhal
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nitrogen (TKN) was estimated by the kjeldahl method.

4. Energy production

The daily biogas production was measured at atmospheric pressure by
means of the acidified water displacement technique to prevent the
dissolution of carbon dioxide contained in the biogas. It was then
converted into standard conditions (0°C and 1.013 bar) as mentioned by
Gosch et al. (1983) using the following equation:

Vf[273.15(E—P2—P3):|

V, = 2
! [273.15+T]x1013 )

Where:
V,»= volume of dry gas under standard condition, liter;
Vr = volume of wet gas at pressure P and temperature T, liter;
T = temperature of wet gas, °C;
P; = air pressure at temperature T, millibar;
P,=pressure of wet gas at temperature T, millibar;
P; = saturation steam pressure of water at temperature T, millibar; and
1013 = absolute pressure in (mill bar).
The actual calorific value (kJ/m?) of produced biogas was calculated using
the following equation according to Shannon (2000):
Haet = (Vena/ Viot). pend, act - Hu 3)
Where: H,; = actual calorific value of produced biogas, kJ/m?;
Vcna/ Vior = methane proportion in biogas, %;
Pcha, act = actual biogas density, kg/ m?; and
H, = calorific value of biogas at standard condition, kJ/ kg (assumed as
50000 kJ/kg or 36000 kJ/m®).
The actual biogas density was calculated as follows:
pcu4, act = [pend, sd- (Pact/ Psid) (Tstd /Tact)] 4)
Where: P, = actual biogas pressure, Pa;
pcHs, sd = biogas density at standard conditions, kg/m® (assumed as 0.72
kg/m®);
Py and Tsq = pressure, Pa, and temperature, °C, at standard conditions;
and
Taet = ambient temperature, °C.
The total energy production for control and handle stirring digesters was
estimated according to Mitzalff (1983) as follows:
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Total energy = The rate of biogas production (m*/m?/day or m*kg TS
add/day) x CH4 (%) x 36000 (kJ/m? of CHy) (5)
5. Biogas scrubbing
Gas produced in the digester was flushed through a hydrogen sulfide
scrubber and collected in a gas storage bag. In this system, by injecting a
small amount of outside air (about 3.5%) into the biogas produced (Fig. 1),
the hydrogen sulfide content was biologically oxidized into sulfur and H,S
concentration is lowered (Hagen et al., 2001).

2H,S + O, — 2S +2H,0 (6)
However, care should be taken to avoid overdosing of air, as biogas in air
is explosive in the range of 6-12%, depending on the methane content
(Wellinger and Lindeberg, 1999).
One of the easiest and cheapest methods involves the use of pressurized
water as an absorbent. The biogas collected in the storage bag was fed into
a packed bed column from bottom; pressurized water (shower) is sprayed
from the top. The absorption process is, thus a counter-current one. The
dissolved CO, as well as H,>S in water were collected at the bottom of the
bed column (Shannon, 2000). Biogas output contain amount of water
vapour, which caused some trouble when using the biogas. So it is very
important to remove this water vapour from biogas before inlet to the used
device. This operation was chemically executed using silica gel filter.
6. Statistical data analysis
Average steady-state data and the standard error presented in the present
study have been calculated as a mean value over days of observations.
Statistical significance of the experimental data was tested using one way
ANOVA statistical program (Microsoft Excel 2002).

RESULTS AND DISCUSSION

Biogas generation from different mixtures of agricultural-animal residues
and water hyacinth by anaerobic digestion was monitored through 60 days
of batch operation and all the experiments started in the same time.

1. Effect of stirring system and mixture materials on biogas
production rate

The daily biogas production (volume /volume /day) throughout the

fermentation of 5 treatment (described in materials) are illustrated in Fig.2.
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It can be noticed that the biogas production rate was very low for the
control and handle stirring through the first days and thereafter started to
increase with increasing the detention period and reached the peak or
several peaks then decreased. The peaks and detention period differed
according to the digested materials. The detention periods were 33, 36, 44,
48 and 60 days for mixtures 1, 2, 3, 4 and 5, respectively. The biogas
production during this study was in the mesophilic range where
temperature ranges between 30 to 35°C under plastic house. The
thermophilic sludge digestion is much faster than the mesophilic.
Therefore, this system can be run in thermophilic digestion during summer
season, and in this case the thermophilic digestion would be only up to
30% of the size of mesophilic digestion (Zupancic and Ros. 2003).

The average gas production rates were 0.203, 0.169, 0.205, 0.197 and
0.206 L/L/day for control, while for handle stirring the average values
were 0.296, 0.27, 0.297, 0.293 and 0.301 L/L/day with respect to mixtures
1,2, 3,4 and 5, respectively. The peaks of gas production occur on 13, 21,
23, 25, 29 days for mixtures 1, 2, 3, 4 and 5, respectively. The peak values
of gas generation were 0.328, 0.295, 0.34, 0.339 and 0.344 L/L/day for
control, while for handle stirring the peak values were 0.421, 0.418, 0.457,
0.45 and 0.476 L/L/day with respect to mixtures 1, 2, 3, 4 and 5,
respectively. For the ignition test, it was found that, the flammable gas
started earlier in case of mixtures provided with fibrous residues.

Water hyacinths have a high content of hemicellulose and cellulose, but
the existing hemicellulose has a rather strong association with the lignin in
the plant, which makes it unavailable for the microorganisms. Due to that,
the cattle dung and the starter is used to provide enough microorganisms to
serve as inoculum. The low bulk density of water hyacinths could result in
large voids with poor compaction and low feed rates as a result.

The results obtained from the experiments showed a significant difference
of the biogas production between different mixtures in case of
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control and handle stirring digestions. It was found that using the handle
stirrer increased the rates of generated gas by 45.38, 60.33, 45.01, 48.85
and 46.40% compared with control one for mixtures 1, 2, 3, 4 and 5,
respectively.

The fermenting materials during fermentation process settles into three
layers: the top layer formed as scum with a high content of fresh material,
the middle layer composed of a clear fermented material containing little
solids, while the bottom layer containing sediment and low in fresh
material. The digesting materials in the lower layer are under a high
hydrostatic pressure and therefore, the produced gas is dissolved in the
fermenting liquid and is not easy to up taking (or release).

Therefore stirring of the fermented material of biogas reactor is
recommended to ensure the intimate contact between the micro-organisms
and particle organic material to increase rate of breakdown and
degradation of organic compounds, hence increasing the gas production
rate, as well as breakdown the flouting material such as scum to help the
gas storage in gas space of biogas reactor. Also, the role of mixing (stirring)
becomes more important with an increase in total solid concentration in
the feed slurry. These results are in agreement with Alaa EL-Din (1978);
El-Hadidi (1999) and Karim et al. (2005).

2. Composition of biogas

Methane yield is an important economic factor in anaerobic digestion. The
biogas composition in terms of methane, carbon dioxide and H,S contents
for different mixtures during batch digestion is shown in Fig. 3. The
methane production rate varied from 54 to 75% based on type of mixtures
and stirring process. The highest values of CH4 were 75, 69.7, 68.6, 66.5
and 65.2% for mixtures 1, 5, 3, 2 and 4, respectively. Average values of
CH4 were 65.2, 60.74, 63.39, 61.1 and 62.94% with standard deviation of
5.03, 3.16, 3.0, 3.34 and 3.28 for control, while it were 66.74, 63.04, 65.04,
62.16 and 64.56% with standard deviation of 4.91, 2.89, 3.21, 3.48 and
3.45 for handle stirring with respect to mixtures 1, 2, 3, 4 and 5,
respectively.

The average recorded values of CO, were 33.36, 37.46, 35.13, 37.36 and
35.39% for control, while it were 31.65, 35.43, 33.52, 36.31 and 33.84%
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for handle stirring with respect to mixtures 1, 2, 3, 4 and 5, respectively. It
was noticed that the stirring process caused an increase in the CH4 content
while CO, decreased. Results showed that there is no significant
difference between control and handle stirring regarding to the CH4 and
CO; contents. The H,S contents ranged from 2017.6 to 2622.4 ppm and
2179.29 to 2292 ppm for control and stirring, respectively.

The highest CH4 was produced in the first two weeks in case of first
mixture (potato and beet leaves), thereafter the CHy4 production slowed
down. This could be explained by the fact that the more easily degradable
compounds were finished during the first 2 weeks and slow degradation of
complex material taking place after that period (Parawira et al., 2004). It
was found that the co-digestion of different materials used in this study
enhanced methane yields comparing with other literatures. Also, it should
be noted that, comparisons of methane yields reported in the literature
cannot be precise because of possible differences in the feedstock and in
the experimental conditions. The properties of the co-digestion mixtures at
the end of the experiments are given in Table 2.

The recorded results showed that the hydrogen ion concentration (pH) in
the digested slurries for all digested materials initially ranged between 6.5
and 8.2. None of the co-digestion batches was acidified except mixture 5
(bagasse) which was little acidified at the beginning of digestion due to the
high content of sugars. The observed inhibition of methanogenesis was
supported by the low pH levels recorded in this reactor, which was below
the range for methanogenic activity. Therefore, the starter is added since it
has a high concentration of methane bacteria which capable to increase the
gas production. The pH values slightly decreased during the fermentation
time and reach the final values that ranged between 7.1 and 7.8. There was
no significant difference in pH between control and stirring digesters.

The C:N ratios of the digested and co-digested materials ranged between
23.82 and 45.57. The recorded results indicated that, both of pH and C:N
ratios are within the values required for stable anaerobic digestion of
organic waste. The well-balanced anaerobic digestion in the co-digestion
was also evidenced by the neutral pH observed at the end of the digestion
period. Data presented in Table 2 indicated that, both of total solids and
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Fig. 3. Biogas composition in terms of methane, carbon dioxide and
hydrogen sulfide contents for different mixtures of digestion materials.
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volatile solids contents decreased due to destruction of organic material

to produce CH4 and CO,. The total solid decreased in the digesters by
variable percentages ranged from 21.82- 35.150 16.85- 19.560 18.30-
23.530 21.9- 25.32 and 28.26- 34.95% for control and handle stirring with
respect to mixtures 1, 2, 3, 4 and 5, respectively. While the volatile solids
decreased in the digesters by variable percentages ranged from 30.12-
32.60 13.6- 16.310 21.68- 26.310 15.07- 19.27 and 22.95- 26.21% for
control and handle stirring with respect to mixtures 1, 2, 3, 4 and 5,
respectively.

Table 2. Final chemical composition of agricultural-animal and water
hyacinth mixtures used for biogas production.

Constituent Mixture 1 Mixture 2 Mixture 3 Mixture 4 Mixture 5

Control 7.8+£0.1 73 +0.1 74 £0.1 7.1 +0.1 7.3+0.1
pH

Stirring 7.7+0.2 7.1 £0.1 7.2+0.1 7.0 £0.2 72+0.2

Total solids, Control | 129 +02 | 153 +£02 | 125 +£02 | 182 +£02 | 11.8+0.2

(%) Stirring | 107 +0.3 | 148 +0.1 | 11.7 £02 [ 174 +0.1 | 10.7+0.2

Volatile solids | Control | 624 +0.2 | 70.5 +0.1 | 643 +03 | 647 +02 | 683+0.2

(%0 of TS) | Stirring | 60.2 +0.3 | 683 +0.2 | 60.5 +02 | 61.5 +02 | 6541+0.3

Total Kjeldahl | Control | 1.86+0.1 1.4+0.1 1.15+0.1 | 1.52+0.1 | 091+02

nitrogen

. N N . ) .
(% of TS) Stirring | 1.8 +0.1 1.2 £02 (095 +£0.1 143 £0.1| 0.7 +0.1

Nutrient concentration will increase slightly during digestion because of
the loss of volatile solids, associated with methane generation. The high
concentration of nutrients gives the sludge a high potential as fertilizer that
can be used for soil improvement. Due to the anaerobic conditions, most of
the nitrogen in the sludge will be found in organic form, followed by
ammonium and a very small part as nitrate (Hons et al., 1993).

3. Energy production

The average daily production of energy (MJ/m’/day) and biogas
characteristics in fermentation process as a function of experimental
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variables before and after scrubbing were tabulated in Table 3. The results
indicated that the average calorific values of produced biogas were 28.56,
27.97,28.68,27.86 and 28.67 MJ/m’ for control, while it were 28.75, 28.4,
28.85, 28.19 and 28.79 MJ/m’ for handle stirring with respect to mixtures
1, 2, 3, 4 and 5, respectively. These results are higher than mentioned by
EREC (2003) which indicate that biogas composed of 65% methane yields
24.5 MJ/m’. This difference may be due to different conditions and
different digestion materials used and the methane concentration was
considered after one week from staring the experiments.

In addition to, in the present study the inoculum was rich with the
methanogenic bacterial and a good contact between the microorganism
and organic solid surfaces that generate high CH4 contents. The total
energy production ranged from 3.828 to 5.122 MJ/m’/day for control and
6.494 to 7.468 MJ/m’/day for stirring, as shown in Fig. 4.

The minimum and maximum values were recorded for control of mixture
2 and stirring of mixture 1, respectively. The energy consumed by handle
stirring was neglected in the current study. It is recommended to use
mechanical or hydraulic stirring system for agitating the digestion
materials. Meanwhile the net energy can be calculated by subtracting the
consumed energy from the total energy.

4. Scrubbing efficiency

Carbon dioxide is the second most abundant constituent in biogas. There is
a great need to make biogas transportable. This can be done by
compressing the gas in cylinders which is possible only after removing its
CO,, H,S and water vapour components. For certain applications, CO, and
H,S must be removed from the biogas as they are not flammable, lowers
the energy value of biogas and cause corrosive and harmful properties. The
generated biogas from different mixtures goes through a two step process.
The first step, known as “cleaning”, removes hydrogen sulfide. The
second step, “upgrading”, removes carbon dioxide, which lowers the
energy value of the biogas. As shown in Table 3, the average CO, removal
efficiency ranged from 91.88 to 93.54 and 92.49 to 94.84% for control and
stirring, respectively with standard division ranged from
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Table 3. The average daily energy production and biogas characteristics before
and after scrubbing process during the fermentation period for different
digestion mixtures.

. . Removal efficiency,
rTrﬁziur(;f Biogas characteristics Before scrubbing | After scrubbing %
Control | Stirring | Control | Stirring | Control | Stirring
CH,4, % 65.2 66.74 | 95.64 95.67 - -
COz, % 33.36 31.65 2.16 1.63 93.54 94.84
H,S, ppm 2017.6 | 2257 56.49 97.05 97.2 95.7
Mi Density, kg/m’ 0.867 | 0.866 0.642 0.639 - -
ixture - 3
| Calorific value, MJ/m” | 28.56 | 28.75 30.7 30.57 - -
Total ener
productior%,yMJ /m’/day 5122|7468 ) i ) )
CH,4, % 60.74 63.04 | 94.36 95.26 - -
CO,, % 37.46 3543 3.04 2.49 91.88 92.98
H,S, ppm 2622.4 | 2206.2 | 123.25 | 86.04 95.3 96.1
Mi Density, kg/m’ 0.921 0.901 0.663 0.651 - -
ixture p 3
2 Calorific value, MJ/m’ | 27.97 28.4 31.28 31.01 - -
Total ener
productior%,yMJ /m’/day 3.828 | 6.494 ) i ) )
CH4, % 63.39 65.04 | 95.35 95.71 - -
CO,, % 35.13 33.52 245 2.14 93.03 93.63
H,S, ppm 27T 217929 | 6841 | 7628 | 968 | 965
Mixture | Density, kg/m’ 0.905 | 0.887 0.648 0.64 - -
3 Calorific value, MJ/m’ | 28.68 28.85 30.89 30.63 - -
Total ener,
productiorinJ/m3/day 471 6.94 ) i ) )
CH4, % 61.1 62.16 | 94.67 94.92 - -
CO,, % 37.36 36.31 3.03 2.73 91.9 92.49
H,S, ppm 2251 | 2287.43 | 92.29 97.67 95.9 95.73
Mi Density, kg/m’ 0912 | 0.907 0.659 0.653 - -
ixture - 3
4 Calorific value, MJ/m 27.86 28.19 31.19 30.99 - -
Total ener,
productiof,yMJ /m’/day 4.59 6.91 ) i ) )
CH4, % 62.94 64.56 | 94.94 95.03 - -
CO,, % 35.39 33.84 2.66 2.17 92.48 93.59
H,S, ppm 2409.11| 2292 | 103.59 99.7 95.7 95.65
Mi Density, kg/m’ 0911 0.892 0.65 0.652 - -
1xture - 3
5 Calolrlﬁc value, MJ/m 28.67 28.79 30.86 30.98 - -
Total ener,
productioinJ/m3/day 4774 | 7246 ) i ) )
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Fig. 4. Energy production throughout digestion of five different mixtures
for control and stirring during steady state.
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0.86 to 1.79. These results are in agreement with Wellinger and Lindeberg
(1999).

The average amount of H,S remaining in the biogas after scrubbing ranged
from 56.49 to 123.25 ppm with removal efficiency ranged from 95.3 to
97.2% for control, while it ranged from 76.28 to 99.7 ppm with removal
efficiency ranged from 95.65 to 96.5% for stirring. The removal efficiency
depends on the amount of CO, and H,S entered to the scrubbing unit. The
remaining amount of H,S is more than 50 ppm as mentioned by Wellinger
and Lindeberg (1999). The reason for that may be due to the amount of air
used is not such that (5-10%) used by Hagen et al. (2001). Removal of H,S
by this method is cheaper than chemical cleansing, but it depends on
several factors, including temperature, reaction time, amount and location
of air injection. If pipeline quality gas is the goal, further treatment and
adjusting amount of injected air is necessary to bring H,S levels to less
than 4 ppm.

After scrubbing process, the average percentage of methane content has
been increased and ranged from 94.36 to 95.64% and 94.92 to 95.71% for
control and stirring, respectively. Also the calorific value of purified gas
increased and ranged from 30.57 to 31.28 MJ/m’. The biogas density has
been decreased after scrubbing process. The average density ranged from
0.866 to 0.921 kg/m’ and from 0.64 to 0.663 kg/m’ before and after
scrubbing process, respectively.

Batch digestion is however, suitable when the material to be digested is
cumbersome to handle or when it is produced in large amounts at intervals,
as for instance crop residues (Stafford et al., 1980). Small-scale digester
designs exist that, with proper implementation, could work very well in the
rural areas.

Based on the above discussion, this research can also be applied to solid
potato waste like peeling wastes and potato chunks culled from food
processing lines, also vegetable market waste, bagasse, cattle dung and
water hyacinth, etc can be used to meet the ever-growing energy demand.
Recycling of wastes and biogas production requires strong governmental
support to be successful, investments and technological skills that would
impose great problems in developing countries.
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CONCLUSION

This study aimed to evaluate the anaerobic batch biodegradation of
agricultural wastes and water hyacinth as well as stirring and scrubbing
effect on the generated quantity and quality ob biogas. The potato waste
and sugar beet leaves; water hyacinth and cattle dung; rice straw, cattle
dung and poultry droppings, and bagasse and cattle dung were co-digested
successfully resulting in improved methane yield compared with separate
cattle dung digestion. Stirring or mixing improved the performance of the
digester and increased the biogas production by up to 60.33% compared
with control. Results from this study suggest that the co-digested materials
are potential substrates for anaerobic digestion for the production of biogas
and could provide additional benefits to farmers. Water scrubbing and dry
oxidation processes are simple and cheap and achieved a good results for
removal efficiency of CO, (up to 94.84%) as well as H,S (up to 97.2%)
form biogas. Upgrading biogas enriched it with methane content up to
95.71% and increased its calorific value up to 31.28 MJ/m’. The batch
anaerobic digestion can be applied in developing countries where low and
cheap technology is needed most.
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