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Abstract
The objective of this study was to evaluate the biogas production and treatability of
slaughterhouse wastewater using an integrated treatment system of anaerobic
digester and constructed wetland at pilot scale level and assess the suitability of the
treated wastewater for vegetable irrigation. The performance of the pilot scale
treatment system was evaluated at the OLRs of 0.32, 0.51, 1.16 and 2.31 kgCOD
m−3day−1 with corresponding anaerobic digester HRTs of 22, 14, 6 and 3 days
respectively, under mesophilic environmental condition (29.6±1.40 °C). The COD
removal efficiency and methane yield of the pilot scale anaerobic digester were in the
range from 43.39% to 84.54% and 0.09±0.03 to 0.22±0.02 m3/kg CODr, respectively,
with the maximum volumetric methane production (0.93±0.17m3/day) was achieved at
the OLR of 1.16 kg m−3 d−1 resulting an optimum methane yield of 0.20m3 CH4 per kg
CODr. The average removal efficiencies of the pilot scale integrated treatment system
for TN, NH4+-N and NO-3-N were in the range between 75.25-93.79%, 85.85-95.62%
and 90.21-94.59% with mean influent values of 565.16±54.91 mg/l, 241.55±39.57
mg/l, 156.28±17.16 mg/l, respectively, depending on the different OLRs (study
phases) to the system. The mean percentage removal efficiency of TP ranged from
78.22 to 85.242 with average influent value varied from 151.46±16.45 mg/l to
157.60±13.41 mg/l. The mean system influent values of SO42- was 573.83±58.10 mg/L
and its removal efficiency was between 82.34% and 70.46%. The removal efficiency
of the integrated treatment system for total coliform (TC) and fecal coliform (FC)
were in the range of 69.75-98.05% and 77.00-99.99%, respectively. The irrigation
suitability test study of the wastewater revealed that the effluent wastewater treated
Swiss chard vegetable performed significantly better than the control (p<0.05) and
comparable with that of the commercial inorganic fertilizer treated ones.
Key words: Anaerobic digester, biogas, constructed wetland, effluent, integrated
treatment system performance, slaughterhouse wastewater, effluent reuse.
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1. INTRODUCTION
1.1

Background

Meat production is increasing to fulfill the protein needs of the ever increasing world
population which in turn has environmental pollution problems attached (Akinro et
al., 2009) due to the large quantities of wastewater generated from the slaughtering,
processing and preserving activities required for the edible meat production in
municipal slaughterhouses of cities and towns (Pradyut et al., 2011; Maria et al,
2015). Literatures estimated that for every cow and pig slaughtered and processed in a
municipal slaughterhouse, 700 and 330 liters of wastewater are generated,
respectively, with an increase of 25% if further processing is continued to produce
edible products (López et al., 2008).
The wastewater generates from different activities in the slaughterhouses such as
holding and washing animals, bleeding out, skinning, cutting and boning, cleaning of
rooms, etc., contains blood, particles of skin and meat, rumen fluid content, urine,
manure and other pollutants origin from floor washing which are rich in both soluble
and insoluble organic compounds and comprises large quantities of putrefactive and
bulky sludge that requires special handling or treatment (Budiyono et al., 2011). Such
wastewater is a complex mixture of different polluting compounds containing mainly
organic materials with high concentration portrayed by a measured chemical oxygen
demand (COD) loading as high as 4,000-10,000 mg/l, which is typical for such
wastewater (Masse, 2000; Padilla et al., 2011 and Maria et al., 2015). It also contains
high concentration of suspended solids, colloidal materials such as fats, proteins and
cellulose (Maria et al., 2015). Therefore, the major environmental problem associated
with this slaughterhouse wastewater is the large amount of organic matter or
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suspended solids and liquid waste with its complex nature and pungent odor
generation released to the environment (Gauri, 2006).
Effluents from slaughterhouses has been recognized to contaminate both surface and
groundwater due to the fact that different pollutants such as blood, fat, manure, urine
and meat tissues, all of which are rich in nutrients and biodegradable organic
materials, lost to the wastewater streams during slaughtering process (Bello and
Oyedemi, 2009). Specifically, blood is one of the major dissolved pollutants in
slaughterhouse wastewater and has the highest COD of any effluent from abattoir
operations (Pradyut et al., 2013). If the blood from a single cattle carcass is allowed to
discharge directly into a sewer line, the effluent load would be equivalent to the total
sewage produced by 50 people on an average day (Aniebo, et al., 2009).
On the other hand, slaughterhouse wastewaters, with the major characteristics of such
high organic strength, sufficient organic biological nutrients, adequate alkalinity with
relatively high temperature (20 to 30∘C) and free of toxic material, are well suited to
anaerobic treatment and the efficiency in reducing the BOD5 ranged between 60 and
90% (Chukwu, 2008). Hence, anaerobic digester is a high-rate reactor which
represents an attractive alternative for wastewater treatment at the slaughterhouse
plant (Maria et al., 2015; Padilla et al., 2011) for a couple of reasons. First, as
mentioned above, slaughterhouse wastewater is particularly well suited for anaerobic
treatment. It contains high concentrations of biodegradable organics, mostly from fats
and proteins, sufficient alkalinity and adequate phosphorous, nitrogen and
micronutrient concentrations for bacterial growth (Maria et al, 2015). In addition, it
does not include toxic compounds and has a relatively warm temperature between 20
and 30 Co. Secondly, anaerobic digestion provides high COD and suspended solid
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(SS) removal while producing a recoverable source of energy in the form of methane.
It generates very low quantity of sludge and does not require aeration or chemical
pretreatment. Finally, anaerobic bacteria can survive unfed for long periods of time,
an important feature for smaller slaughterhouses that operate just a few days a week
or close down during slow or holiday periods (Masse, 2000). However, the effluent
from anaerobic digesters to which slaughterhouse wastewater is used as a substrate
has rich in nutrients such as phosphorous and nitrogen, which is also a major
environmental problem if it is released without additional treatment (Abrha and
Tenalem, 2015; Zemene and Seyoum, 2017).
Currently, most (if not all) slaughterhouses in Ethiopia discharges their wastewater
directly into water bodies such as streams, rivers and lakes or municipal sewers
systems, thereby putting these ecosystems at risk (AAE, 2016). Addis Ababa abattoir
enterprise (AAE), owning the largest slaughter house (Kera) in the country, releases
its wastewater directly to the nearby stream without pretreatment (Abrha and
Tenalem, 2015). Lack of treatment systems at slaughterhouse facilities in Ethiopia is
deeply rooted for the shortage of financial and technical resources associated with
other factors, such as lack of governmental and societal pressures and a lack of
knowledge of alternative practices impede the implementation of improved
slaughterhouse wastewater management in Ethiopia (AAE, 2016). Given the direct
release of wastewater with the pollutants to the environment, it is urgent to find a
feasible and scientific solution to manage this slaughterhouse wastewater in Ethiopia
in general and in Addis Ababa in particular.

3

1.2

Statement of the Problem

Ethiopia is the second largest country in Africa not only in terms of human population
but also ranked first in its livestock resources in the region with an estimated 53.99
million cattle, 25.5 million sheep, and 24.06 million goats (CSA, 2013). As a
developing country, Ethiopia’s population is growing in alarming rate thereby
exerting pressure on the demand of basic goods such as meat (AACCSA, 2015). To
increase the meat production and fulfil the protein needs of the ever increasing
population, slaughterhouse industries are being expanded in number and capacity in
the country in which millions of food animals are being slaughtered every year
throughout the country. For instance, it has been indicated that in 2007 a total of 18.8
million cattle, sheep, goats and camels were slaughtered at municipal slaughterhouses
only, principally for local consumption in Ethiopia (FAO, 2009).
However, such expansion of the slaughterhouses in the country release huge amount
of wastewater and is linked to environmental pollution due to the plants are being
mostly installed without wastewater treatment plant (Abrha and Tenealem, 2015).
Based on the FAO (2012) statistics and European Commission (2005) wastewater
release per kg of carcass estimates, it is estimated that about 9.10 million tons of meat
and about 18.2 million m3 of wastewater is being generated annually from the
Ethiopian slaughterhouse industries by the year 2018. Most (if not all) the municipal
slaughterhouses in Ethiopia currently discharge these wastewater directly into water
bodies such as streams, rivers and lakes or municipal sewers systems, thereby putting
these ecosystems at risk (Zemene and Seyoum 2017; AAE, 2016).
Addis Ababa abattoir enterprise, a municipal slaughterhouse (Kera) in the country, is
one of those releasing the wastewater directly to the nearby stream without
pretreatment (Zemene and Seyoum, 2017). Kera is the biggest municipal
4

slaughterhouse in Ethiopia in which an average of more than 1,000 head of cattle plus
considerable numbers of small ruminants (goats and sheep) and rarely pigs are
slaughtered daily (AAE, 2016). Kera slaughterhouse uses large amount of water,
estimated as more than 400.57m3/day for washing meat and cleaning processing
areas. This large amount of water consumption leads to generate a significant amount
of wastewater amounting about 363.35m3/day, which is directly discharged in to the
nearby Kera River without any prior treatment after it travels about 60 meters on land
(Zemene and Seyoum, 2017; AAE, 2016).
Given the direct release of such wastewater with complex mixture of different
polluting compounds containing mainly organic materials with high concentration
portrayed by a measured chemical oxygen demand (COD) loading as high as 4,00010,000 mg/l and rich in nutrients such as nitrogen and phosphorous (Padilla et al.,
2011 and Maria et al., 2015), it is urgent to find a feasible and scientific solution to
manage this slaughterhouse wastewater in Ethiopia in general and in Addis Ababa in
particular.
It is possible to apply different wastewater treatment methods and technologies such
as oxidation pond, activated sludge, anaerobic digestion etc., for the treatment of
slaughterhouse wastewater (Rajakumar, 2011). However, using anaerobic digestion
(AD) is much more preferable and has multiple advantages as the wastewater is suited
for it due to high organic strength, sufficient organic biological nutrients, adequate
alkalinity, relatively high temperature (20 to 30∘C) and free of toxic material resulting
high efficiency in reducing the BOD5 ranged between 60 and 90% (Maria et al., 2015,
Pradyut et al., 2011; Chukwu, 2008). In addition, incentives of revenue from both
bioenergy and digestate, used as biofertilizer, have contributed to a reduction in the
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capital payback period (Rajakumar, 2011 and Tadesse et al., 2016) and makes AD an
attractive alternative for the treatment of wastewater such as slaughterhouse
wastewater. However, although anaerobic digestion technology is efficient in
removing the organic matters such as COD and BOD load, it is not good at nutrient
removal is concerned (Pradyut et al., 2011; Tadesse et al., 2016) and hence, there
should be an integration of additional wastewater treatment system to the anaerobic
digester. As a developing country, installing high rate wastewater treatment
technologies in every agro-industries are inappropriate and inefficient due to its cost
and highly skilled manpower requirement. Hence, assessment and evaluation of a cost
effective, sustainable and cheaper technologies by researchers is a matter of urgency
in Ethiopia.
Integration of constructed wetland with anaerobic digestion as a piloting setup is
required in order to increase the quality of the effluent for reuse. Therefore, this
research is designed to use anaerobic digestion and constructed wetland for biogas
production from slaughterhouse wastewater and further treat the effluent in a
constructed wetland system in order to generate quality effluent suitable for vegetable
irrigation.
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1.3

Objective

1.3.1 General Objective
The main objective of this study was to investigate the biogas production potential
and treatability of slaughterhouse wastewater through integration of anaerobic
digester and constructed wetland system at pilot scale level, at City Abattoir of Addis
Ababa, Ethiopia.

1.3.2 Specific Objective
This research was designed with the following specific objectives:


To develop and set up an integrated wastewater treatment system of anaerobic
digester and constructed wetland at a pilot scale level for the treatment of
slaughterhouse wastewater and producing value added products; biogas and
digestate



To evaluate the production potential and quality of biogas from slaughterhouse
wastewater



To investigate the organic matter, nutrient and pathogen removal efficiencies
of the constructed wetland



To evaluate the overall performance of the integrated treatment system



To test the bio-fertilizer value of the integrated system effluent and its effect
on vegetable production

1.4

Significance of the Study

Municipal Slaughterhouses are among the highly polluting agro-industrial sector in
Ethiopia through generating enormous amounts of solid waste and wastewater, during
slaughtering and further processing to produce edible meat, and discharge this
wastewater into the surrounding environment without treatment (Abrham and
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Tenalem, 2015). Wastewater from slaughterhouses has also been recognized to
contaminate both surface and groundwater due to the fact that different pollutants
such as blood, fat, manure, urine and meat tissues, all of which are rich in nutrients
and biodegradable organic materials, lost to the wastewater streams during
slaughtering process (Bello and Oyedemi, 2009). Specifically, blood is one of the
major dissolved pollutants in slaughterhouse wastewater and has the highest COD of
any effluent from abattoir operations (Pradyut et al., 2013). If the blood from a single
cattle carcass is allowed to discharge directly into a sewer line, the effluent load
would be equivalent to the total sewage produced by 50 people on an average day
(Aniebo, et al., 2009).
Currently, most (if not all) slaughterhouses in Ethiopia discharges their wastewater
directly into water bodies such as streams, rivers and lakes or municipal sewers
systems, thereby putting these ecosystems at risk (AAE, 2016). Addis Ababa abattoir
enterprise (AAE), owning the largest slaughter house (Kera) in the country, releases
its wastewater directly to the nearby stream without pretreatment. Given the direct
release of wastewater with the pollutants to the environment, it is urgent to find a
feasible and scientific solution to manage this slaughterhouse wastewater in Ethiopia
in general and in Addis Ababa in particular. Hence, this research which was done on
bioenergy production and treatability study of slaughterhouse wastewater using
integration of anaerobic digester and constructed wetland at pilot scale level, is going
to be used as spring board by slaughterhouse industries, regulatory bodies, research
institution and others for treating slaughterhouse wastewater in the country.
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2.

LITRATURE REVIEW
2.1

Slaughterhouse Industry and Environmental Performance

Slaughterhouse or abattoirs are defined as plants which slaughter livestock and dress
carcasses, often with limited or no processing of by-products and hence, the products
from these plants are usually dressed carcasses or fresh meat as whole, half and
quarter carcasses, which are sold on a wholesale basis to butchers and other meat
processing plants (USEPA, 2008).
The slaughtering of food animals is increasing from time to time in order to fulfil the
protein needs of the ever increasing world population which results, slaughtering of
more livestock to produce meat and meat products is increasingly becoming
widespread activity and an important industry in many countries globally, which in
turn has pollution problems attached with the industry (Akinro et al., 2009; Pradyut et
al., 2013). For instance, the average global meat demand had been increased by 24%
between 2000 and 2010 which forced the slaughtering of about 50,000,000 additional
food animals during this decade and further projection shows that global meat demand
is and will be increasing in alarming rate (Rabobank 2011). Besides, as shown from
Figure 1 below, the global meat demand is being projected by 22% from that of the
2010 needs.
The slaughtering and processing activities in the slaughterhouse plants required for
meat production in general generate a complex mixture of wastewater in large
quantities with organic and in organic pollutants potent to the receiving environment
if released without treatment (Padilla et al., 2011).
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Figure 1: Global meat demand between1980-20130

2.1.1 Slaughterhouse Industry in Ethiopia
Like all other agro-industries in the country, slaughterhouses and meat processing
industry are on the rise in Ethiopia even though the sector is still much less than it
should be given the resource potential (FAO, 2012).
According to Addis Ababa Chamber of Commerce and Sectorial Association (2015),
there are about 15 export slaughter houses, including 8 which was under
establishment and more than 29 municipal abattoirs operated in Ethiopia serving the
local market. Notwithstanding, illegal or informal slaughtering of animals is highly
practiced for domestic consumption at the backyard of practically all households
especially for shoats; whereas for cattle killing at village level to share among a group
of neighbors or close families is common which is called “Kircha‟ (AAE, 2016),
particularly, common during public holidays. According to FAO (2012), the total
meat produced legally in 2012 reached 659,305 tones, indicating a compounded
annual growth rate of 2.3 percent between 2000 and 2012. Despite the fact that
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Ethiopia has the tenth largest livestock population in the world, the production of
meat is still low and contributed only about 0.2 percent of the world total meat
production, which most is sheep and goat meat. This ranked Ethiopia only the 55th
largest meat producing country in the world (FAO, 2012). As per the Addis Ababa
Chamber of Commerce and Sectorial Association report (2015), the reasons behind
the low rate of meat processing in Ethiopia are multiple including: i) low off-take
rates owing to low domestic consumption of meat (9 kg/head/annum), ii)large
numbers of live animals that by-pass abattoirs and are exported on foot, iii) low
supply of animals owing to lack of commercial orientation of animal producers as a
result of which they sell only in need of cash or when draught animals get too old, and
iv) Limited capacity of meat processors in meeting international market requirements
& limitation in fulfilling international industry standards.
In general, Ethiopia is one of country with the lowest per capita consumptions of meat
in world, notwithstanding that the consumption in Addis Ababa is higher compared to
regions and the total consumption shows a positive trend owing to increasing income
and population (FAO, 2012). Table 1 below shows the meet consumption trends
(legally slaughtered) in Ethiopia from 2000 to 2012, by animal type.
Table 1: Meat consumption trends in Ethiopia by type in tons

Source: FAO (2012)

Although legally slaughtering of animals in slaughterhouses was not widely practiced,
it had been increasing from time to time due to the legal aspect is becoming strict for
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those who slaughter at the backyard (AAE, 2016). As a result, even though there was
no concrete literatures which clearly describes the municipal slaughterhouses in
Ethiopia, there are indications that, municipal level domestic slaughterhouses are
growing in number from time to time with the growth of urbanization.
Table 2: The ten top municipal slaughterhouses in Ethiopia in terms of capacity
S/N Name
Slaughterhouse
1
Kera (AAE)
2
Burayu Abattoir
3
Legedadi Abattoir
4
Karallo Abattoir
5
Harrer Abattoir
6
Sululta Abattoir
7
Adama Abatior
8
Hawassa Abattoir
9
Dilla Abattoir
10 Jimma Abattoir

of

Capacity
More than 500,000
114,000
54, 000
40,000
35,000
34,000
31,300
20,000
16,00
14,400

Remark
Cattle and Shoats
Dominated by Illegal
slaughtering, especially for
shoats

Source: Addis Ababa Chamber of Commerce (2015)

2.1.2 Slaughterhouse Industry and Environmental Challenges in Ethiopia
Ethiopia is the second largest country in Africa not only in terms of human population
but also the leading country in livestock resources with an estimated 53.99 million
cattle, 25.5 million sheep, and 24.06 million goats (CSA, 2013). As a developing
country, Ethiopia’s population is growing in alarming rate thereby exerting pressure
on the demand of basic goods such as meat. To meet this demand, millions of food
animals are slaughtered every year throughout the country (AACCSA, 2015). To
increase the meat production and fulfil the protein needs of the ever increasing
population, slaughterhouse industries are being expanded in number and capacity in
the country in which millions of food animals are being slaughtered every year
throughout the country. For instance, it has been indicated that in 2007 a total of 18.8
million cattle, sheep, goats and camels were slaughtered at municipal slaughterhouses
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only, principally for local consumption (FAO, 2009).However, such expansion of the
slaughterhouses in the country is linked to environmental pollution due to the plants
are being mostly installed without wastewater treatment plant (Abrham and Tenalem,
2015).

2.1.3 Slaughterhouse wastewater management in Ethiopia
The slaughterhouse industry is one of the most environmentally polluting agroindustries due to not only in terms of the quantity of wastewater generated, but also in
terms of the nature and composition of the wastewater generated. According to
European Commission (2005), 1.6-9 liters of wastewater and 4-4.2 grams of COD are
emitted to produce one kilogram of edible carcass from cattle. The same study report
also confirmed that 0.5 to 4.6 gram of total nitrogen is emitted so as to produce one
kilogram of meat from poultry.
Municipal slaughterhouse industries in Ethiopia are increasing in number and capacity
and currently, the production of meat has been transformed from backyard
slaughtering to industrial scale thereby discharging huge amount of wastewater
without treatment to the surrounding environment and causing serious environmental
and health problems to human beings (AAE, 2016). Based on the FAO (2012)
statistics and European Commission (2005) wastewater release per kg of carcass
estimates, it is estimated that about 9.10 million tons of meat and about 18.2 million
m3 of waste water is being generated annually from the Ethiopian slaughterhouse
industries by the year in 2018. Most water consumed at slaughterhouses ultimately
becomes effluent, and slaughtering operation is the largest single source of waste load
in slaughtering and meat packing plant (Pradyut et al. 2013). At those plants where
rendering occurs, the effluent from rendering typically represents the single most
significant source of pollutant load in slaughterhouse effluent. Generally,
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consumption of water for slaughtering and the corresponding generation of
wastewater varies depending on the type of animals and the process used (Silva et al,
2012; Mittal, 2004). Effluents from these agro-food industries are a hazard to the
environment and require appropriate and a comprehensive management approach.
Still now, most if not all, the municipal slaughterhouses in Ethiopia did not install
wastewater treatment plants and now days, environmental regulatory authorities in the
country are setting strict criteria and effluent standards for discharge of wastewaters
from industries (EEPA, 2003). As regulations become stricter, there is now a need to
treat and utilize these wastes quickly and efficiently in the country.

2.2

Sources and Characteristics of Slaughterhouse Wastewater

2.2.1 Sources of slaughterhouse wastewater
The major sources of wastewater in the meat processing industry are from animal
care, killing, hide or hair removal, eviscerating, carcass washing, trimming and
cleanup

operations

(USEPA,

2008).

Although,

the

slaughterhouses

water

consumption and wastewater generation varies depending on the type of animal and
the process used (Mittal, 2004), slaughtering and further preparation of meat products
is a multi-stage process that produces wastewater in each respective step. In general,
here’s where wastewater comes from in the slaughtering and meat production process
(FRC, 2017):
Stockyards and Pens: live animals stay in holding pens for less than one day prior to
slaughter. Wastewater results from watering troughs, wash down and urine from the
animals. Rain run-off from uncovered pens can also contribute to the wastewater
flow.
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Slaughtering: as animals are stunned, suspended and bled, blood can spill or
splash outside the containment area entering the waste stream during clean-up
operations. Animals are de-haired as they pass through a scalding tank. This and
carcass wash water enter the wastewater stream.
Blood Processing: as albumin and fibrin are recovered from blood for various uses,
the blood water is either evaporated or sent to wastewater.
Viscera handling: beef and paunches are washed and saved for edible products.
Wash water goes to waste.
Hide Processing: washing and curing of hides contributes wastewater with high
levels of salts.
Cutting: as carcasses are cut and trimmed, some material adheres to saw blades and
conveyors. Equipment wash down sends these solids to wastewater.
Meat Preparation: as cuts are cured, deboned, and packaged for distribution, spills
from cooking equipment and curing solutions are sent to wastewater.
Rendering: edible and inedible products are created as fats and water are separated
from animal tissue. Spills from cooking equipment, collection tanks, and discharge
from wash down contribute to wastewater.
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Figure 2: Flow diagram of processes in slaughterhouse
Most water consumed at slaughterhouses ultimately becomes effluent, and
slaughtering operation is the largest single source of waste load in a meat packing
plant (Pradyut et al., 2013). At those plants where rendering occurs, the effluent from
rendering typically represents the single most significant source of pollutant load in
slaughterhouse effluent (Cowi, 2001).
Generally, consumption of water for slaughtering and the corresponding generation of
wastewater varies depending on the type of animal and the process used (Silva et al,
2012; Mittal, 2004).
According a research on poultry slaughterhouse wastewater conducted by Silva et al.
(2012), the amount of effluent generated for each slaughtered bird was 15 liters,
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which was characterized by containing a large amount of organic matter that is
biodegradable, suspended and colloidal as well as microorganisms. It was also
estimated that for every cow and pig processed, 700 and 330 liters of wastewater are
generated, respectively, with an increase of 25% if further processing is carried out to
produce edible products (Padilla et al., 2011).

2.2.2 Characteristics of slaughterhouse wastewater
Literatures show that slaughterhouse wastewater is a complex mixture of compounds
containing organic materials with high concentration. A measured chemical oxygen
demand (COD) loading of 4,000-10,000 mg/l is typical for such wastewater (Maria et
al., 2015; Padilla et al., 2011; Masse, 2000). It also contains high concentration of
suspended solids, colloidal materials such as fats, proteins and cellulose (Maria et al.,
2015). Another study by Abrha and Tenalem (2015) reported very high COD and
solid contents in slaughterhouse was water which was as high 11,546.67 mg/L for
COD and 3,835.33 mg/L for total suspended solids. On the other hand, Pradyut et al.
(2013) reported COD values of 6,525 mg/L with lower biodegradable behaviors of the
slaughterhouse wastewater with BOD of 3, 000 mg/L. In addition, a study conducted
in Indonesia also reported an average suspended solids (SS) of slaughterhouse
wastewater were 1,320 mg/L with total nitrogen, ammonia and protein were 212±106,
3.03±1.77, and 1,303±653 mg/L, respectively (Budiyono et al., 2011).
The quantity and characteristics of slaughterhouse wastewater varies depending on
many factors such as the plant size, species slaughtered, level of processing, reuse of
water, wastewater segregation, by-product processes used and number of by-products
and offal items produced (Mittal, 2004). According to European Commission (2005),
1.6-9 liters of wastewater and 4-4.2 grams of COD are emitted to produce one
kilogram of edible carcass from cattle. The same study report confirmed that 0.5 to
17

4.6 gram of total nitrogen is emitted so as to produce one kilogram of meat from
poultry (refer Table 3 below for more detail information).
Table 3: Emissions caused by the slaughtering of cattle, pigs and poultry
Animal
Type

Cattle
Poultry
Pigs

Wastewater

COD

BOD5

(l/kg of carcass)

TN

TP

TSS

g/kg of carcass

1.6-9

4-4.2

1.8-2.1

0.1-3

0.02-0.2

11-16

5-67

4-41

2.4-43

0.5-4.6

0.02-0.7

0.48-0.7

1.6-6

3.2-10

2.1-10

0.1-2

0.02-0.2

0.12-5.1

Source: European Commission (EC), May 2005

Researches done on characterization of slaughterhouse wastewater revealed that a
wide range of different values for the same parameters was observed. The
concentrations of the major parameters investigated by different researchers are
shown in the following two consecutive Figures (Figures 3 and 4).

Figure 3: Concentrations of COD, BOD5 and TSS of slaughterhouse wastewater
As shown from Figure 3 above, COD concentration values as high as more than 7,000
mg/l (Ruiz et al., 1997) and as low as 4,000 mg/l (Budiyono et al., 2011) with huge
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proportions of biodegradability confirmed by the BOD value which was as high as
more than 4,500 (Chinenenyenwa et al., 2014) were found during reviewing the
different research papers.
As inferred from the review of the different papers, slaughterhouse wastewaters, with
the major characteristics of high organic strength, sufficient organic biological
nutrients, adequate alkalinity, relatively high temperature (20 to 30∘C) and free of
toxic material, are well suited to anaerobic treatment and the efficiency in reducing
the BOD5 ranged between 60 and 90% (Chukwu, 2008).
In addition, the nutrient contents of slaughterhouse wastewater also varied form one
research to the other (Figure 4 and Table 4 below).

Figure 4: Total nitrogen, ammonia and phosphorous loads of slaughterhouse
wastewater
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Studies on the concentrations of some nutrients in slaughterhouse wastewater also
showed that total nitrogen concentration as high as more than 700mg/l (Pradyut et al.,
2013) and phosphorous concentration as high as more than 300mg/l were also found
(Figure 4).
In addition, the characteristics of slaughterhouse wastewater and its carbon to nitrogen
ratio are presented in Table 4 below by assessing various published papers. As
expected, the papers show wide range of different values for the same parameters to.
Table 4: Characteristics of slaughterhouse wastewater
Wastewater
Source
Poultry
Slaughterhou
se

Parameters (Mg/l, except pH)
COD
3000-4800

TKN

NH+4

109-325

16-165

164.5

-

2319
4306
General
Slaughterhou
se

6000
6185-6840
1000-6000
4221
3756±687

627

-

95.2

-

250-1200

650-735

250-700

250

427

-

212±106

3.03±1.77

References

TSS

BOD5

pH

C/N

300-950

750-1890

7-7.5

27.5

Rajakumar et al.,(2011)

1800

-

6.7

14.1

Silva et al., (2012)

1900

2733

7.7

6.9

Padilla et al., (2011)

200

4500

6.7

63

Chinenyenwa et al., (2014)

1,120

3000-3500

8-8.5

24.75

Pradyut et al.,(2013)

-

1000-4000
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EC (2005)

1164

1209

6.95

9.9

Ciro et al., (2016)

1171±311

1873±421

7.19

17.7

Budiyono et al., (2011)

Various research papers confirmed that the C/N for slaughterhouse wastewater is
variable for different researchers. For instance, a research output done on anaerobic
digestion of poultry slaughterhouse wastewater by Rajakumar et al. (2011) showed
that poultry slaughterhouse wastewater has an optimum C/N ratio of 27.5 which is
suitable for anaerobic digestion. However, another characterization research on
poultry slaughterhouse wastewater done by Silva and his colleagues (2012) indicated
that the C/N ratio of poultry slaughterhouse wastewater was relatively low of (14.1).
On other the hand, series of published papers show that C/N ratio of general
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slaughterhouse wastewater, wastewater generated from slaughtering different kinds of
animals in the same slaughterhouse, ranged from 6.9-63 (Table 4 above).
The other important characteristics of slaughterhouse wastewater which may indicate
its suitability as anaerobic digesters feed stock is pH. Literatures show that the
optimum pH range for all methanogenic bacteria is 6.0 to 8.0 (Padilla, 2011; Ciro et
al., 2016; Silva et al., 2012). On the other hand, studies proved that the most
appropriate pH for the microbial group on the whole is close to 7.0 while the optimum
pH of hydrolysis and acidogenesis has been reported as being between 5.5 and 6.5
(Alastair et al., 2008; Yasar and Bari, 2010). However, the pH values less than 4 and
greater than 9.5 inside the digester are not tolerable (Gerardi, 2006). Litratures
showed that the pH in the anaerobic process can be affected by high amounts of
volatile fatty acids, acetic acid, and carbon dioxide and ammonia (Yebo et al., 2008).
In most of the anaerobic treatment process, the drop in pH is attributed to the
accumulation of VFAs and excessive generation of carbon dioxide due to the high
organic loading rate (Rajakumar, 2011; Asif et al., 2011). However, studies also
confirmed that the pH of anaerobic system primary controlled by self-produced
alkalinity or natural alkalinity (Mojiri et al., 2012). As far as pH concerned,
slaughterhouse wastewater has an optimum pH of 6.7-8.5 suitable for anaerobic
digestion process (Rajakumar et al.,2011; Silva et al., 2012; Chinenyenwa et al.,
2014; Budiyono et al., 2011).
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2.3

Slaughterhouse Wastewater Management Options

In conventional wastewater treatment techniques, comprising of physico-chemical
treatment followed by biological and/or tertiary treatments is required to meet the
environmental quality standards. Selection of treatment technologies depends on the
strength of the wastewater in question and the level of strictness of the legal standards
to which firms are obligated to be abided. In light of this and due to the growing
concern of environmental issues, enormous technological advancements are being
made at the end-of-pipe treatment methods to achieve higher efficiency in meeting the
standards in a cost-effective manner (USEPA, 2008).
Various conventional methods used for industrial wastewater treatment could also be
applied to slaughterhouse wastewater to meet standards of effluent discharge (Pradyut
et al. 2013; Mara, 2004; Surampall, 2004). Although the detail wastewater treatment
techniques may differ for different treatment technologies, the basic processes
remains the same and used to remove common constituents of the wastewater which
pollute the environment. As a result, based on the levels of treatment, wastewater
treatment process are generally grouped into preliminary, primary, secondary and
tertiary (UNIDO, 2011). There are different wastewater treatment techniques and
methods under the umbrella of physico-chemical and biological wastewater/water
treatment technologies as indicated by the following diagram.
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Figure 5: Schematic diagram of wastewater/water treatment technologies

2.3.1 Physico-chemical treatment
This method is the commonest type of conventional wastewater treatment, including
slaughterhouse wastewater mainly used for primary treatment of meat and poultry
processing wastewater through screening, catch basin and flow equalization (USEPA,
2008). Similarly grit chambers, screens and settling tanks are also widely used for the
removal of suspended solids, colloidals, and fats from slaughterhouse wastewater.
Chemical coagulation/flocculants such as aluminum sulfate (ALSO4), ferric chloride
(FeCl3), ferrous sulfate (FeSO4) and magnesium chloride (MgCl2) to reduce organic
load (COD) and suspended solids (SS) as well as to remove toxic substances
(Lafrano, et al., 2006). At this level of treatment, about 25-50 % of BOD, 50-75% SS
and 65% of oil and grasses can be removed (Song et al., 2004; UNIDO, 2011).
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Figure 6: Schematic flow chart of physico-chemical wastewater treatment
techniques.
In slaughterhouse and meat processing effluents, blood is considered the most
problematic component, because of its capacity to inhibit floc formation (Pradyut et
al., 2013). Hence, blood coagulants and flocculants such as aluminum sulfate and
ferric chloride (coagulants) and polymers (flocculants) are added to the wastewater in
treatment units in order to increase protein flocculation and precipitation as well as fat
flotation and can also achieve COD reduction ranging from 32 to 90%, and are
capable of removing large amounts of nutrients (Johns, 1995).
Ammonia stripping and break point chlorination are used for nitrogen removal, but in
most cases biochemical removal is preferred (Kaszas et al., 1992).
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2.3.2 Biological (secondary) treatment
The objective of biological treatment of industrial wastewater is to remove or
significantly reduce biodegradable dissolved and colloidal organic matter, suspended
solids and nutrients as well as pathogens using anaerobic, aerobic, and anoxic
processes from industrial effluents with less or no sludge (Metcalf and Eddy, 2003). It
can remove greater than 90% pollutants from the wastewater (Rajakumar, 2011;
Zemene and Seyoum 2017). Biological wastewater treatment used in meat industries
may include any of or combination of the following: aerobic process, anaerobic
process, lagoons, any activated sludge process and/or other biological treatment
processes (Andualem et al, 2017; Zemene and Seyoum 2017; USEPA, 2008).
i.

Aerobic processes

Aerobic process of wastewater treatment normally contain dissolved oxygen
throughout the water depth in which aerobic heterotrophic bacteria degrade organic
matter in the wastewater and resulting carbon dioxide (or bicarbonate) and algal cells
use nutrients for photosynthesis. Oxygen released by algae in this process is the major
source of oxygen required to satisfy the demand in the aerobic bacterial
biodegradation process. Literatures show that up to 80 to 95% of the soluble BOD
could be removed in this system (Mara, 2001).
Aerobic treatment processes have economic advantage over chemical oxidation
methods (Dogruel et al., 2006). The system solely depends on the activity of aerobic
microbial consortia where food, nutrient and or oxygen are supplied to the
microorganisms for enhancing their growth/metabolic activity (Farabegolin et al.,
2007 and UNIDO, 2011).
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ii.

Anaerobic processes

Anaerobic wastewater treatment is a biological process that can convert biodegradable
organic matters to biogas in the absence of oxygen. It proceeds through a series of
parallel and sequential processes by a variety of consortia of microorganism that is
sensitive to oxygen (Chen et al., 2008). The conversion of organic matter to biogas
occurs as a sequence of four steps: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis (Abbasi et al., 2012).
Slaughterhouse wastewaters have major characteristics of high organic strength,
sufficient organic biological nutrients, adequate alkalinity, and relatively high
temperature (20 to 30∘C) and free of toxic material. These are well suited to anaerobic
treatment and the efficiency in reducing the BOD5 ranged between 60 and 90%
(Andualem and Seyoum 2017; Zemene and Seyoum 2017; Chukwu, 2008). The high
concentration of nitrates in the slaughterhouse wastewater also exhibits that the
wastewater could be treated by biological processes (Pradyut et al., 2013).
Several researchers successfully used different anaerobic technologies for the
treatment of slaughterhouse wastewater containing organic carbon and nitrogen (COD
and TKN) in laboratory and pilot scale experiment (details in section 2.4).
iii.

Wastewater treatment lagoons

Wastewater treatment lagoons are earthen impoundments that are engineered and
constructed to treat and temporarily store human, industrial and agro-processing
wastewater (Mengesha, 2010). They have also been widely used for the treatment of
wastewater due to their low capital costs, when sufficient land is available, simple for
operational and maintenance compared to other biological treatment systems
(Surampall, 2004). When well-designed waste stabilization pond is built with variety
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of nutrient removal mechanisms that can operate in facultative and aerated lagoon
systems, it gives in excellent nutrient removal result, which include nitrification
/denitrification for nitrogen removal and phosphorous precipitation as a result of the
elevated pH caused by algal photosynthesis (Surampall, 2004). Hence, the cumulative
treatment effect of multiple ponds in series helps to achieve significant BOD and
nutrients reduction. In Ethiopia, study by Mengesha (2010) on Kality wastewater
stabilization ponds, in Addis Ababa, showed that the average removal efficiency of
BOD5, COD, TSS and TDS were 83.6%, 77.6%, 66.5% and 10.3%, respectively.

2.3.3 Advance treatment technologies
Membrane bioreactor (MBR) is the commonest among the most advanced wastewater
treatment methods. The techniques in MBR involves separation of biomass from
effluent by membrane which allows the concentration of mixed liquor-suspended
solids in the bioreactor to be increased significantly. MBR has been used for agroindustrial wastewater treatment due to the numerous advantages over conventional
activated sludge such as elimination of settling matter or other processes affecting
settleability (Munz et al., 2008; Suganthi et al., 2013). The main drawbacks of
membrane application are adsorption, clogging and cake layer formation by the
pollutants on the membrane. Studies in recent years showed that various membrane
technologies are used in the treatment of agro-industrial wastewater among which the
most common emerging membrane technology includes microfiltration (MF),
ultrafiltration (UF), nano-filtration (NF) and reverse osmosis (RO) (Labanda et al.,
2009; Molina et al., 2013). Post treatment of wastewater by reverse osmosis (RO)
enables to remove chloride and sulfate and can provide high quality of treated effluent
for reuse (Gisi et al., 2009).
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2.4

Anaerobic Conversion Technologies

2.4.1 Anaerobic conversion processes
Anaerobic digestion can be defined as a biological process that can convert organic
substrates to biogas in the absence of oxygen. It proceeds through a series of parallel
and sequential processes by a variety of consortia of microorganism that is sensitive
to oxygen (Chen et al., 2008). As shown from Figure 7 below, anaerobic conversion
process occurs as a sequence of four steps: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis (Dussade et al., 2016).

Figure 7: Anaerobic digestion process pathway (adapted from Dussade et al., 2016)
The first step is the hydrolysis of complex organic material to its basic monomers by
enzyme called hydrolase, which is facultative and obligatory anaerobic bacteria. In
this step, proteins are broken down into amino acids, small peptides, ammonia and
CO2; carbohydrates are converted into simple sugars, monomeric or dimeric; starch is
degraded into glucose units by a number of enzymes; hemicellulose is biodegraded by
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special enzymes into a variety of monosaccharides such as glucose, galactose, xylose,
arabinose and mannose. Lipids are hydrolysed into long- and short-chain fatty acids
and glycerol moieties by lipases and phospholipases. Lipases catalyse the stepwise
hydrolysis of fatty acid ester bonds in triglycerides to release the corresponding fatty
acids and eventually glycerol. Phospholipid metabolism by phospholipases results in
the production of fatty acids and a variety of other organic compounds, depending on
the substrate used (Dussade et al., 2016, Abbasi et al., 2012 and Galagan et al., 2012).
The products of the first step (amino-acids, sugars, and some fatty acids) are used as
carbon and energy sources by bacteria in the second step which is referred to as
acidogenesis. The responsible organisms in the first step are called acid-producing
bacteria producing primarily short-chain volatile acids such as acetic, propionic,
butyric, valeric and caproic (Dussade et al., 2016).
The third step (acetogenesis) is the conversion of the acidogenic products into acetic
acid, hydrogen and carbon dioxide takes place, by secondary fermenting bacteria. In
general, two different types of acetogenic mechanisms (hydrogenations and
dehydrogenations) can be distinguished. Acetogenic hydrogenations include the
production of acetate, as a sole end product either from fermentation of hexoses or
from CO2 and H2.
The microorganisms involved are obligate proton reducing or obligate hydrogen-producing
bacteria. They are inhibited by even low hydrogen partial pressures thus they can survive only
in syntrophic association with microorganisms that consume hydrogen, such as acetoclastic
methanogens. The acetic acid, hydrogen and carbon dioxide produced during acidogenesis
and acetogenesis are the substrates for the methanogenesis step (Dussade et al., 2016).
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The final stage in the anaerobic digestion process is methanogenesis which is the
conversion of mainly H2/CO2 and acetic acid to form methane and carbon dioxide
(Dussade et al., 2016, Karakashev et al., 2006). Although some researches confirmed
that about two-thirds of the methane produced comes from acetic acid (Liu and
Whitman, 2008), the methanogens can also convert a limited number of other
substrates to CH4 such as methanol, methylamines and alcohols. H2/CO2-consuming
methanogens reduce CO2 (using it as an electron acceptor) via formyl, methenyl, and
methyl, through association with specific coenzymes, to finally produce CH4
(Dussade et al., 2016,).

2.4.2 Factors affecting anaerobic digestion
Researches revealed that anaerobic conversion process could be affected by a number
of environmental factors including temperature, pH and buffering systems, retention
time, process configuration and the solubility of gases, the availability of nutrients,
and the presence of toxic components in the process (Yasar and Bari, 2010).
2.4.2.1 pH
In anaerobic digestion processes, pH is an important parameter affecting the growth of
microbes due to each of the microbial groups involved in the reactions has a specific
pH range for optimal growth and performances (Rajakumar, 2011). Literatures
showed that the optimum pH range for all methanogenic bacteria is 6.0 to 8.0, but the
most appropriate pH for the group on the whole is close to 7.0 while the optimum pH
of hydrolysis and acidogenesis has been reported as being between 5.5 and 6.5
(Alastair et al., 2008; Yasar and Bari, 2010). However, the pH values less than 4 and
greater than 9.5 inside the digester are not tolerable (Gerardi, 2006). The pH in the
digester can be affected by high amounts of volatile fatty acids, acetic acid, and
carbon dioxide produced by the microbes and ammonia (Yebo et al., 2008). In
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anaerobic treatment process, the drop in pH is often caused by the accumulation of
VFAs and excessive generation of carbon dioxide due to the high organic loading rate
(Asif et al., 2011). The anaerobic treatment system needs sufficient buffering capacity
(alkalinity) to mitigate the pH change. The pH of anaerobic system, operating within
an acceptable range is primary controlled by self-produced alkalinity or natural
alkalinity (Maria et al., 2015; Mojiri et al., 2012).
2.4.2.2 Temperature
The consortia of bacteria in anaerobic process function under three temperatures
ranges. Psychrophilic temperatures of less than 100C produce the least amount of
bacterial action whereas mesophilic digestion occurs between 200C and 410C.
Thermophilic digestion occurs between 450C and 710C (Maria et al., 2015).
Mesophilic processes require long hydraulic retention time and are not efficient in
killing pathogenic microorganisms. Operation of anaerobic reactors under
thermophilic conditions offers a number of advantages such as increased reaction
rates and improved biodegradability of organic compounds.

In general, high

temperature gives a higher methane production rate and allows higher loading rates,
thus decreasing the reactor volume needed for a specific material (Abbasi et al., 2012;
Asif et al., 2011). However, thermophilic processes are more sensitive to high levels
of ammonia, from protein rich materials (Chae et al., 2008; Chen et al., 2008).
Thermophilic processes are also more costly to heat compared to mesophilic
processes (Alastair et al., 2008). In thermophilic temperature, however, gas can be
produced in much less time comparing to mesophilic temperature (Asif et al., 2011).
2.4.2.3 Carbon to Nitrogen ratio (C/N ratio)
According to a research by Pang et al. (2008), micro-organisms utilize carbon 25-30
times higher than nitrogen during the process of anaerobic digestion. Therefore,
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microbes usually require 25-30:1 ratio of C to N with the largest part of the carbon
being easily degradable for optimum performance of anaerobic system the (Yebo et
al., 2008). On the other hand, excessively high C/N promotes acid formation and
accumulation that retards methanogenesis activity. In addition, very low ratio of C/N
leads conversion of nitrogen to Ammonium-N at a faster rate than its assimilation by
the methanogens. This result is high ammonia concentrations that are toxic to the
microbes (Alvarez, 2000). However, although C/N ratio of 25-30:1 is often cited as
optimal, various researched proved that biogas production and removal of COD could
be achieved at lower C/N due to not all of the carbon and nitrogen in the feedstock are
available to be used for digestion. For instance, Silva et al., (2012) reported a stable
anaerobic digestion process using poultry slaughterhouse wastewater with C/N ratio
of about 14.1.
The C/N for slaughterhouse wastewater is variable for different researchers. A
research output done on anaerobic digestion of poultry slaughterhouse waster by
Rajakumar et al. (2011) showed that poultry slaughterhouse wastewater has an
optimum C/N ratio of 27.5 suitable for anaerobic digestion. However, another
characterization research on poultry slaughterhouse wastewater done by Silva and his
colleagues (2012) indicated that the C/N of this wastewater is relatively low and was
about 14.1. On the other hand, series of published papers show that C/N of general
slaughterhouse wastewater, wastewater generated from slaughtering different kinds of
animals in same slaughterhouse, ranges from 6.9-63 (Pradyut et al., 2012 and
Rajakumar et al., 2012). Fongsatitkul et al (2011) reported that the optimum C/N ratio
of for stable anaerobic process was between 10 and 12.
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In anaerobic digestion, nutrients such as nitrogen and phosphorus, and trace elements
(potassium, calcium, magnesium, iron, nickel, cobalt, zinc, manganese and copper)
are required for efficient anaerobic degradation. The most important nutrients are
nitrogen and phosphorus, and the optimum C:N:P ratio for high methane yield is
found to be 100:3:1 (Rajeshwari et al., 2000).
2.4.2.4 Anaerobic process inhibitors
In planning and operating anaerobic digestion process, it has to be borne in mind tha
inhibition in may occur by the presence of toxic substances, causing upset of biogas
production and organic removal or even digester failure. This may happen due to
substances found as components of the feeding substrate (organic solid waste) or as
byproducts of the metabolic activities of bacteria consortium in the digester. The
main reason for these variations is the significant influence by microbiological
mechanisms such as acclimation, antagonism, and synergism (Rajakumar et al.,
2011). Hence, anaerobic process can be inhibited by diffenrent substance in diffenret
concentration levels some which are discussed below.
a. Ammonia inhibition
Ammonia is naturally the normal bye-product of anaerobic digestion process of
proteins, urea and nucleic acids. Unlike the importance of ammonia for bacterial
growth at lower concentration, high concentration of ammonia may cause a severe
disturbance in the anaerobic process performance (Zhang et al., 2011). Anaerobic
digestion process unstable situation may happen as a result of total ammonia levels
ranges from 1500 to 7000 mg/L and this wide range of inhibiting ammonia
concentrations is probably due to the differences in nature of substrates, inocula,
environmental conditions (temperature, pH) and acclimation periods (Chen et al.,
2008).
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Sung and Liu (2003) have also demonstrated that higher total amnonia concentrations
(>4000 mg/L) could cause obvious inhibition of methanogenesis.
b. Inhibition of metals
Heavy and light metals can be present in significant concentrations in municipal
sewage and sludge. The heavy metals identified to be of particular concern include
chromium, iron, cobalt, copper, zinc, cadmium, and nickel (Chen et al., 2008).
Researches proved that even though moderate concentrations of light metal are
beneficial for anaerobic microbial growth, excessive amounts retard growth of microorganism. Even higher concentrations might cause severe inhibition or toxicity and a
distinguishing feature of heavy metals is that, unlike many other toxic substances,
they are not biodegradable and can accumulate to potentially toxic concentrations
(Minale and Worku, 2014). The toxic effect of heavy metals is attributed to disruption
of enzyme function and structure by binding of the metals on protein molecules or by
replacing naturally occurring metals in enzyme prosthetic groups (Chen et al., 2008).
Light metal ions including sodium, potassium, calcium, and magnesium are also
commonly present in the digestate of anaerobic reactors. They may be produced by
the anaerobic degradation of substrate or during chemicals addition for pH
adjustment. Although of these ions are needed to stimulate microbial growth at
moderate concentration, they will cause toxicity at higher concentrations (Minale and
Worku, 2014).
Salt toxicity is primarily associated with bacterial cells dehydration due to osmotic
pressure. Salt toxicity has been studied in the biological field for several decades.
High salt levels because bacterial cells to dehydrate due to osmotic pressure (Yerkes
et al., 1997). Although the cations of salts in solution must always be associated with
the anions, the toxicity of salts was found to be predominantly determined by the
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cation (Minale and Worku, 2014). The light metal ions including sodium, potassium,
calcium, and magnesium are present in the influent of anaerobic digesters. They may
be released by the breakdown of organic matter (such as biomass), or added as pH
adjustment chemicals (Grady et al., 1999). They are also required for microbial
growth and, consequently, affect specific growth rate like any other nutrient. While
moderate concentrations stimulate microbial growth, excessive amounts slow down
the growth, and even higher concentrations can cause severe inhibition or toxicity
(Soto et al., 1993). However, active biomass could be formed in thin biofilms on the
surface of the precipitates. The overall activity of the biomass would be the average of
the two effects (Langerak et al., 1998).
The toxicity of heavy metals in anaerobic digestion depends upon the various
chemical forms which the metals may assume under anaerobic conditions at the
temperature and pH value in the digester. For instance, heavy metals in the
precipitated form have little toxic effect on the biological system (Chen et al., 2008).
The inhibitory concentrations of some heavy metals are summarized in Table 5.
Table 5: Beneficial and inhibitory concentrations of inhibitors

Na+

Stimulating
concentration(mg/l)
-

Moderately inhibitory
concentration (mg/l)
3500-5500

Strongly inhibitory
concentration (mg/l)
8000

K+

Substances

200-400

2500-4500

12,000

+2

100-200

2500-4000

8000

+2

75-150

1000-1500

3000

NH4

-

200

200

NH3

30-200

200-300

1000-3000

Cr+6

-

10

3.0 (soluble),200–250 (total)

Cr+3

-

-

2.0 (soluble), 180–240 (total)

Cu

-

-

0.5 (soluble), 50–70 (total)

Cd

-

-

150

Ca

Mg

+

Ni

30 (total)

Source: adapted from Minale and Worku (2014); Shifare and Seyoum (2017).
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c. Sulfide inhibition
In anaerobic reactors, sulfate is reduced to sulfide by the sulfate reducing bacteria
(SRB) (Pradyut et al., 2011). Sulfate reduction is performed by two major groups of
SRB including incomplete oxidizers, which reduce compounds such as lactate to
acetate and CO2, and complete oxidizers, which completely convert acetate to CO2
and HCO3_. Two stages of inhibition exist as a result of sulfate reduction. The
Primary inhibition is due to competition for common organic and inorganic substrates
from SRB, which suppresses methane production (Chen et al., 2008). The secondary
inhibition results from the toxicity of sulfide to various bacteria groups (Colleran et
al., 2002).

The sulfide concentration in anaerobic system depends on of the competition between
SRB and other anaerobic microorganisms. Sulfide inhibition is not occurred at the
first stage of anaerobic digestion since the SRB are not capable of degrading complex
organic matter. As the result their inhibition depends on degradation capacity of
acidogenic bacteria (Boe, 2006).
The acetogenic and the methanogenic bacteria are affected by the presence of SRB
since they compete for the same fermentation products. The competition affected by
factors such as COD/SO4-2 ratio, the sulphide toxicity and the relative population of
SRB and the acetogens that influence the competition. The acetogens are capable of
effectively competing with the SRB for butyrate and ethanol. Methanogenesis and
sulphate reduction can happen simultaneously, but the hydrogenotrophic methanogens
are easily undercut by the SRB for H2. This is due to the more favorable kinetic
parameters for SRB (Boe, 2006). Furthermore un-dissociated hydrogen sulfide is
toxic for both methanogens and SRB since it can freely diffuse through the cell
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membrane to cause denaturation of proteins. The concentration of S and H2S in the
range of 0.003–0.006 and 0.002–0.003 mole/l are reported to be inhibitory to microorganisms respectively (Boe, 2006).
In addition, other compounds in the sabstrate such as disinefectants (hospital,
industry), herbicides, and insectcides (agriculture, gardens , households ), surficants
(households), and antibiotics can often flow with the substrate into methanation and
can cause non specific inhibition.

2.5

Anaerobic digestion of slaughterhouse wastewater

Slaughterhouse wastewaters have major characteristics of high organic strength,
sufficient organic biological nutrients, adequate alkalinity, and relatively high
temperature (20 to 30∘C) and free of toxic material. These type of wastewater are well
suited to anaerobic treatment and the efficiency in reducing the BOD5 ranged between
60 and 90% producing clean energy, biogas (Chukwu, 2008). Biogas production
potential and treatability of slaughterhouse wastewater through anaerobic digestion
process are reviewed and discussed in the following sections.

2.5.1 Biogas production from slaughterhouse wastewater
Various Researches showed that biogas production from slaughterhouse wastewater
was feasible even at a high OLR. For instance, Rajkumar et al. (2012), in their
laboratory experiment using UAF reactor, investigated that the gas production
increased while increasing OLR and reached the maximum of 20.3 L/d at an OLR of
11.98 kg/m3/day. The biogas was found to have 46-56 % of methane (CH4) and
substantial amount of carbon dioxide (CO2) and traces of nitrogen (N2) and hydrogen
sulfide (H2S).
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Figure 8: Organic loading pattern and biogas production during the treatment of
poultry slaughterhouse wastewater in UAF (Rajakumar et al., 2011)
In the same experiment, it was being depicted that the variations of methane yield as a
function of OLR at steady state conditions as shown in Figure 9 below.

Figure 9: Variations of methane yield as a function of OLR at steady state, adapted
from Rajakumar (2011)
Ruiz et al. (1997) investigated the treatability and biogas production potential of
slaughterhouse wastewater in simultaneously operated laboratory scale UASB and AF
reactors and obtained COD removal efficiency in the range of 59-93% with gas
production in the range of 0.44-2.68 l/d in UASB reactor and 28.4-82.7% COD
removal efficiency with daily gas production in the range of 0.10-2.20l/d in AF
reactor. In the operation of AF reactor, the highest methane content (76%) and the
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lowest COD removal efficiency was observed. Borja et al. (1998 and 1995)
investigated the treatability and biogas production potential of slaughter house
wastewater at two laboratory scale HUASB and AFB reactors.
On the other hand, Borja et al. (1998) obtained 90.2-93.4% COD removal efficiency
and average methane yield of 0.345m3kgCOD-1removed in the HUASB reactor that
was operated at organic loading rate of 2.49-20.8 kgCODm-3d-1 and HRT of 0.5-1.5d.
In addition, Borja et al., (1995) also reported wide range of COD removal efficiency
(75-98.9%) with average of methane yield of 0.32m3kgCOD-1removed in AFBR
operated at OLR of 2.9-54.0 kgCODm-3d-1 and HRT of 0.02-0.3d. The highest
methane percentage in the biogas (69% in comparison to 61%) was reported by Borja
et al. (1998). The difference COD reduction and methane yield observed in the two
experiments might be attributed to the difference in OLR and HRT used in their
studies.
Rajakumar et al. (2008) and Debik and Coskun (2009) showed different results from
the treatment of poultry slaughterhouse wastewater in a laboratory scale HUASB and
SGBR reactors, respectively. According to Rajakumar et al. (2008) the COD removal
efficiency was in the range of 70-86% with methane yield (m3kgCOD-1removed) that
varied between 0.19 and 0.32 while producing biogas in the range of 5.94l/d to
28.02l/d at OLR of 0.77-19kgCODm-3d-1 and HRT of 0.3 d to 1.5d. However, Debik
and Coskun (2009) obtained higher COD removal efficiency in the range of 92.995.1% with average methane yield of 0.25m3kgCOD-1removed in the reactor that was
operated at varied OLR of 0.64-4.97kgCODm-3d-1 and HRT of 1.5 to 2d. The reason
for this performance variation could be the variation of OLR and HRT used in the two
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studies. Debik and Coskun (2009) used lower organic loading rate and longer
retention time that can reduce the accumulation of volatile fatty acid in the reactor.
In another experiments, Masse and Masse (2000) using anaerobic sequencing batch
reactor and Sindhu and Meera (2012) using up flow anaerobic packed bed reactor
reported COD removal efficiency from slaughterhouse wastewater in the range of 9096% and 88%, respectively. Their corresponding methane yield was 0.49m3kgCOD-1
removed and 0.175-0.220 m3kgCOD-1removed, respectively. Masse and Masse (2000)
reported the highest methane yield with COD removal efficiency of 90-96% in pilot
scale anaerobic sequencing batch reactor (ASBR).
To sum up, the biogas production, methane yield and COD removal efficiency
obtained from the anaerobic treatment of slaughterhouse wastewater were assessed
different compiled by reviewing various papers and results are summarized in Table 6
below. The papers used wide range of different organic loading rate and HRTs under
mesophilic temperature condition.
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Table 6: Biogas production from slaughterhouse wastewater
Reactor
Type

Type of
wastewater

OLR
(kg/m3day
)

HRT
(day)

COD
r.
(%)

Temp.
(0c)

M.Y.
(CH4/kg
COD.day).

G.P.
(l/.d)

Reference

UAF

Poultry
slaughterhouse

2-27-14.3

0.8-3

5983

37

0.24

3-20 (46-56%
CH4)

Rajkumar
et al.,
(2011)

UASBR

Slaughter

1.03-6.58

1.26.5a
0.57.1b

5993a
28.482.7b

35

-

0.44-2.68 a
(52.90.6%CH4)
0.10-2.20 b
(52.976%CH4)

Ruiz et
al.(1997)

-

Sindhu
and Meera
(2012)

a

0.88-11.2b

UASBR

Slaughterhouse

4-5

1

88

30

0.175-0.22

ASBR

Slaughterhouse

2.07 -4.93

2

9096

30

0.49

(75%CH4)

Masse
(2000)

AFBR

Slaughterhouse

2.9 - 54.0

0.020.3

7598.9

35

0.32.

(61 %CH4)

Borja et
al.(1995)

HUASB

Slaughterhouse

2.49 -20.8

0.5-1.5

90.2
-93.4

35

0.345

30.8
(69 % CH4)

Borja et
al.(1998)

HUASB

Poultry
Slaughterhouse

0.77 - 19

0.3-1.5

70–
86

29–35

SGBR

Poultry
slaughterhouse

0.64 -4.97

1.5 -2

92.995.1

-

0.19-0.32

0.25

5.94 -28.02
(70%CH4)

-

Rajakumar
et
al.(2012)

Debik and
Coskun
(2009)

Organic loading rate (OLR) in kgCODm-3d-1, hydraulic retention time (HRT), COD r.= COD removal
efficiency, M.Y.=methane yield in m3kgCOD-1removed and G. P.=gas production

2.5.2 Treatability of slaughterhouse wastewater
The major environmental problem associated with slaughterhouse wastewater is the
large amount of organic matter or suspended solids and liquid waste as well as its
odor generation (Gauri, 2006). Effluent from slaughterhouses has also been
recognized to contaminate both surface and groundwater because during slaughter
processing, blood, fat, manure, urine, and meat tissues are lost to the wastewater
streams (Bello and Oyedemi, 2009). Leaching into groundwater is a major part of the
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concern, especially due to the recalcitrant nature of some contaminants (Muhirwa,
2010). Blood, one of the major dissolved pollutants in slaughterhouse wastewater, has
the highest COD of any effluent from abattoir operations (Pradyut et al., 2013). If the
blood from a single cattle carcass is allowed to discharge directly into a sewer line,
the effluent load would be equivalent to the total sewage produced by 50 people on
average day (Aniebo, 2009).
Slaughterhouse wastewaters are well suited to anaerobic treatment and the efficiency
in reducing the BOD5 ranged between 60 and 90% due to its characteristics of high
organic strength, sufficient organic biological nutrients, adequate alkalinity, relatively
high temperature (20 to 30∘C) and free of toxic material, (Chukwu, 2008;Pradyut et
al., 2013).
In their research, Rajkumar et al. (2011) investigated the treatability of slaughterhouse
wastewater using simultaneously operated laboratory scale up flow anaerobic filter
(UAF) reactors. It was observed that the reactor can be operated up to an OLR of 10
kg/m3/day without system failure. At an OLR of 10 kg/m3/day, optimum removal
efficiencies of TCOD and SCOD removal were 78 and 83.5 %, respectively.
Treatability of slaughterhouse wastewater under different available anaerobic
technologies is summarized in Table 7 below.
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Table 7: Different available anaerobic technologies used to treat slaughterhouse
wastewater

Source: Adapted from Pradyut et al., (2013)
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2.6

Constructed Wetlands

Constructed wetlands (CWs) were initially designed and used for domestic
wastewater treatment. However, CWs have now been successfully used for the
treatment of a wide variety of wastewaters including industrial effluents, urban and
agricultural storm water runoff, slaughterhouse wastewaters, leachates, sludge and
mine drainage (Varga et al,. 2013). Wastewater from various industrial sectors such
as oil refineries, chemical factories, pulp and paper, tannery and textile industries,
distillery, winery and food-processing industries can be treated through application of
CWs (Vymazal, 2009).
2.6.1

Types of constructed wetlands

Wetlands can be in general classified as natural and constructed systems. Constructed
wetlands can be further classified in to groups depending on the hydrology, the type
of wetland plant growth and the direction of the water flow inside the wetland. As a
result, based on hydrology, the principal types of CWs are surface flow (free water
systems) and subsurface flow systems. According to the wetland plant growth, there
are emergent, submerged, free-floating and floating leaves constructed wetlands.
Finally, based on the direction of flow, CW can be vertical, horizontal or mixed flow
(Vymazal, 2009). The most widespread CWs are the surface flow systems (SF), the
horizontal subsurface flow systems (HSSF) and the vertical subsurface flow systems
(VF). For improving the performance and the removal of pollutants and nutrients, a
combination of these systems can be used, known as hybrid systems which can
combine several features in only one or in several sequential steps (Varga et al,.
2017).
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Figure 10: Diagrammatical presentation of constructed wetland types, adapted from
Varga et al. (2013)
Horizontal Subsurface Flow Systems (HSSF)
HSSF systems are cells filled with media (from 30 to 60 cm deep) in which aquatic
vegetation is planted (Figure 10). This kind of wetland is saturated, and the water
column is not exposed to the atmosphere, usually remaining about 5 to 10 cm under
the surface of the bed and therefore avoiding fouling odors and the proliferation of
vectors (Vymazal, 2013.).
The inlet of the wetland is filled with coarse gravel (30-100 mm size), to improve
influent distribution and delay the possible clogging in the inlet zones. The bed media
is generally gravel (5-20 mm size), where the biofilm develops and at the same time,
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the media serves as a support for the vegetation. At the outlet zone and the bottom of
the bed, a collection pipe is placed to evacuate the treated waters. The pipe is also
embedded with coarse gravel to facilitate the effluent collection. After the bed, there
must be an outlet sump where a pipe is connected to the collection pipe and can
regulate the water level in the wetland by a swivel joint or a flexible pipe.
In a HSSF, wastewater goes through the wetland and the media in a horizontal path,
coming into contact with aerobic, anoxic and anaerobic zones. The oxygen from the
air is transported through the stems and leafs of the vegetation to the rhizosphere,
where an aerobic-anoxic microcosm is present (Vymazal, 2013.). Normally, the
amount of oxygen in HSSF CW treating typical wastewaters is not enough to degrade
all the organic matter via aerobic processes much less to allow high dissolved oxygen
concentration into the wetland. Therefore the processes responsible for the
degradation are mainly anoxic-anaerobic. Some characteristics of this system are high
resistance to freezing conditions, less surface area needed than SF, higher removal
rates than SF, although this is dependent on operational conditions and risk of
clogging problems in the inlet zone ((Varga et al,. 2017).
Vertical Flow Systems (VF)
The subsurface VF systems are also cells filled with coarse sand or fine gravel,
usually from 60 to 100 cm deep, and planted with aquatic vegetation (Figure 10).
Most VF systems are unsaturated and fed sequentially in short pulses and then a
drainage period takes place. The wastewater is loaded homogeneously onto the
surface of the wetland, trickles vertically through the filter media and is collected at
the bottom by drainage pipes. Additionally, passive aeration pipes from to the
drainage pipes to the atmosphere to improve the oxygen transfer to the bed. Due to
aeration pipes, pulse loadings and drained periods, the oxygen transfer can reach
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much higher values, if compared to HSSF or FWS systems. VF CWs have aerobic
conditions and therefore higher organic removal rates as well as the capacity to nitrify
(Platzer and Mauch, 1997).
The wastewater distribution system of VF CWs consists of a manifold of pipes
installed on the surface of the bed. The media filling the bed can be either by one
layer or even several sand layers. At the top and the bottom of the bed, a layer of
about 20 cm of coarse gravel is placed to facilitate the distribution and evacuation of
the waters.
Some other characteristics of VF CWs are the following: Less surface area needed, no
clogging problems (if well designed and operated) and demands a good influent
distribution system.
Tidal Flow Constructed Wetlands
Other type of CWs developed during last decade are the tidal-flow constructed
wetlands (TFCWs), which have enhanced the organic matter and ammonia removal
by overcoming the lack of oxygen in conventional CWs (Sun et al., 2005; Wu et al.,
2015). However, the total nitrogen removal efficiency in TFCWs is not ideal because
of the high oxygen content that limits the denitrification processes (Cui et al., 2012;
Wu et al., 2015). The “tidal flow” principle includes four operational procedures (fill,
contact, drain and rest) that constitute the main difference with conventional CWs
(Sun et al., 2006).
Engineered Wetlands
Different operation strategies and innovative designs can be used in order to intensify
the performance of CW systems. These strategies include recirculation, aeration, tidal
operation, flow direction reciprocation, earthworm integration, short-term fluctuations
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in the water table, step-feeding, circular-flow corridor wetlands, hybrid CWs, baffled
subsurface CWs for the intensifications of the performance (Wu et al. 2015).
Aerated wetlands are subsurface flow wetlands, both horizontal and vertical flow, but
with artificial aeration implemented in the bed where the air is pumped into the
wetland by means of compressors.
2.6.2

Roles of wetland plants

Different plant species have been used in CWs treating agro-industrial wastewater
treatment in different studies. Researches proved that vegetation in CWs may affect
water flow patterns, velocities, microbial activity and evapo-transpiration and many
studies showed that vegetated CW systems have a significant on removal of pollutants
and aesthetic advantage over un-vegetated systems. According to Gagnon et al.,
(2007) CWs with plant species always had higher microbial density and activities than
unplanted controls. On the other hand, some studies, which compared the pollutant
removal performance of vegetated and un-vegetated HSSF CW systems, has been
found that plants do not have a major impact on performance (George et al., 2000).
According to Tanner (2001), wetland plants promote the enhancement of nutrient
removal, mainly by favoring transformations to gaseous forms and sequestration in
accumulating organic matter. Recent studies reported that nitrogen removal is usually
better for planted systems (Seeger et al., 2013; Lv et al., 2013).
Literatures also showed a linear correlation between ammonia nitrogen removal rate
(g of N/m2·d) and wetland plant biomass production (g of VS/m2·day) in HSSF CWs
treating domestic wastewater. According to that correlation, biomass production
explains 91% of additional nitrogen removal in planted systems compared to
unplanted ones. Unplanted CW removed 0.34 g NH3/m2·day while planted systems
removed an additional 13.4% per each g VS/m2·day of above-ground biomass
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produced or the equivalent 36.6% additional per each kg VS/m2 year (Carballeira et
al., 2016).
Different studies also confirmed that the contribution of plants, in terms of nitrogen
removal has been reported within the range 0.5-40.0% of the total nitrogen removal
(Bialowiec et al., 2011, Saeed and Sun, 2012). Another group of researchers reported
that nitrogen (N) mass balance showed that denitrification, sedimentation burial and
plant uptake respectively contributed 54%-94%, 1%-46% and 7.5%-14.3% to the N
removal in CWs, mainly stored in aboveground biomass (Chen et al., 2014). Zheng et
al., (2015) reported that plants harvesting in the first year improved nutrients removal
by plant uptake (41.9 g N/m2 and 3.7 g P/m2 versus 37.3 g N/m2 and 3.2 g P/m2) as
well as in the substrate layer (216.9 g N/m2 and 8.0 g P/m2 versus 191.0 g N/m2 and
5.7 g P/m2) during the second year.
It was also reported that microbial activities were ten times higher on root surfaces
compared with sands/gravel (Wang et al., 2015), which influence the performance of
CWs. Macrophytes assist pollutant removal in CWs through both indirect and direct
mechanisms. The direct pollutant removal mechanism provided by macrophytes is the
assimilation of nutrients and phytoextraction of heavy metal from wastewater into the
macrophyte biomass (Tadesse et al., 2015). The indirect mechanisms is that
macrophytes facilitate removal processes by providing surfaces for active and diverse
microbial communities (Rossmann et al., 2012), by preventing re-suspension of
sedimented pollutants and supplying oxygen to the CW soil (Varga et al, 2017).
The selection of appropriate vegetation in CWs treating agro-industrial wastewater is
an important issue as toxic effects caused by high organic and nutrient loads can
occur. Typha spp. and Phragmites spp. are most commonly used for various agroindustrial wastewaters such as dairy, animal farm, winery, vinegar, trout farm, potato

49

starch, OMW (Varga et al., 2017). Apart from Typha and Phragmites thirty-one other
species have been used in CWs treating agro-industrial wastewater.
Phragmites
Phragmites spp. is recognized as the most popular plants used in CW applications due
to its extensive use is due to: (a) its high biomass productivity (up to 9,890 gr dry
mass/m2/year), (b) its ability to grow in fresh and saline waters, and (c) its natural
widespread distribution (Stefanakis and Tsihrintzis, 2012). Phragmites spp. is also
extensively used in CW applications for agro-industrial wastewater treatment.
Phragmites spp. appears to be extremely tolerant to high concentrations of organic
matter and nutrients and does not show toxic effects to COD, TKN and TP
concentrations of up to 14000 mg/L, 506 mg/L and 95 mg/L, respectively.
Typha
Typha species another most commonly used plant in CWs, and they share common
characteristics of high biomass productivity, tolerance to brackish waters and a
widespread distribution with Phragmites spp. (Stefanakis and Tsihrintzis, 2012).
Typha spp. is used in all CW types to treat a variety of agro-industrial wastewaters
(i.e. dairy, cheese whey, animal farm, OMW and winery) which is tolerant to high
organic

matter

and

nutrient

concentrations,

as

it

has

been

used

in

experiments/applications in which COD, TKN and TP concentrations were up to 4000
mg/L, 360 mg/L and 71 mg/L, respectively. These concentrations are rather high and
prove that Typha spp. can be used successfully in CWs treating high strength
wastewaters (Vymazal, 2009). On the contrary, Ghosh and Gopal (2010) examined
plant tolerance to dairy wastewater and found that young Typha plants yellowed when
wastewater with high EC values was applied to the CWs and mentioned that plant
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density and height were maximum near the CW’s inlet and attributed this to the
higher nutrient concentrations present in this area which promote plant growth.
Concerning nutrient uptake from Typha spp. planted wetland found that N was
absorbed in Typha spp. biomass mainly as NH4+ and not as NO3-, while P uptake was
significant lower.
2.6.3

Constructed wetland for industrial wastewater treatment

Although constructed wetland were initially used for treating domestic wastewater, in
the last two decades, industrial wastewater has been treated with hybrid CWs, both
surface and subsurface flow and now days, CWs are used to treat strong industrial
effluents like petrochemical, dairy, meat processing, abattoir and pulp and paper
factory effluents (Varga et al., 2013). Brewery, tannery and olive mills wastewaters
have been recently added to CWs applications. So, CWs can be applied to several and
different kinds of industrial wastewaters, including acid mine wastewater with low
organic matter content and landfill leachate. Vymazal (2009) reported industrial
wastewater treatment with hybrid CWs systems with influent concentrations up to
10,000-24,000 mg COD/L and up to 496 mg NH4+/L.
As reviewed by Varga et al., (2017), there are not general rules to select the most
suitable type of CW for a certain industrial wastewater or even urban wastewater and
hence, every single case must be studied particularly due to several conditions: type of
wastewater, land availability, the amount of flow and pollutant load, outlet discharge
limits, etc.
A study done on the treatment of mixed diary and domestic wastewater using a twostage HSSF CWs system in oriented in series resulted a removal efficiency of more
than 90% for organic matter (TSS, COD and BOD), 48.5% of TKN and 60.6% of TP
(Mantovi et al. 2003).
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Another study done in Netherlands and Belgium on the treatment of same wastewater
using CWs resulted removal of nitrogen and phosphorus with efficiencies, 84.2%,
78.7%, 47.9% and 72.3% for TKN, NH4 +, TN and TP, respectively (Oirschot, 2015).
Gorra et al., (2014) reported the performance of a HSSF from a medium-sized cheese
factory which processes 8±4m3 of milk with climate conditions of mean air
temperature of 12ºC and mean total precipitation of 430 mm. The system consists of a
pretreatment by means of sedimentation tank (45m3) and a HSSF CW of 200 m2 of
total area and planted with common reed (Phragmites australis) and reported a
removal efficiency of 55%, 55%, 59% and 58% for TN, organic N, NH4+ and TP,
respectively.
Researches also shows that CWs have been used for secondary or tertiary treatment
for the treatment of tannery wastewater as a cost-effective and environmentally
friendly technology. Calheiros et al., (2014) reviewed the tannery sector in Portugal
and the performance of CWs for treating this wastewater. Depending on the kind of
treatment, tannery wastewater has different BOD/COD ratios, ranging from 0.23 and
0.66 for wastewater that had primary treatment, and from 0.1 to 0.65 for wastewater
after secondary treatment was reported during the study. For instance, Calheiros et al.
(2008), reported that for an inlet of 0.21–0.43 mg P/L the outlet was 0.18–0.35 mg
P/L and for an inlet of 63–87 mg NH3/L the outlet was 40–56 mg NH3/L. Removal of
PO4 reaching 61% (inlet 15 ±7 mg/L, hydraulic retention time (HRT) of 12.5 d) has
been reported for the treatment of tannery wastewater by CW in Bangladesh (Saeed et
al. 2012). High removal of NH4+ (99%) from tannery effluents has been reported by
Kucuk et al. (2003) for an inlet of 20 mg/L at a HRT of 7 days.
Another study in Kampala, Uganda, by Robinson et al., (2015) on the treatment of
slaughterhouse wastewater using HSSF constructed wetland planted with Cyperus
52

papyrus used wastewater pre-treated in anaerobic and aerobic sequencing batch
reactors showed percentage removals of 76, 48, 46, 74, 63, 60, and 100 for turbidity,
ammonium-nitrogen (NH4+-N), total nitrogen (TN), orthophosphate, total phosphorus
(TP), chemical oxygen demand (COD) and fecal coliform, respectively.

2.7

Wastewater reuse for irrigation

The world of increasing demand for food due to the ever increasing human
population, irrigation is a key factor in securing production and supplies of food in
many developing countries and hence, access to adequate water for irrigation is a
matter of increasing concern all over the globe, especially in arid and semiarid areas
(Masirirambi, 2010). In many developing countries, where fresh and underground
water is scarce, wastewater (WW) is used to irrigate land due to its highest
productivity that the added nutrients and organic matter provide, and the possibility to
sow all year round (Aliyu, 2000). Due to the high content of nutrients such as
nitrogen (N), phosphorus (P), potassium (K), sulfur and organic matter, wastewater
has been considered as a low price fertilizer (Kortei and Quansah 2016).
Wastewater reuse is part of a planned project some times, but most of the time and
particularly in developing countries it just happens. In industrialized countries water
reuse is part of a strategy to protect water bodies and to reduce wastewater treatment
costs. It is usually performed only after high ecological standards of wastewater
treatment have been achieved, and as a consequence reclaimed water has a low
organic matter and nutrient content. In contrast, in developing countries reuse is
frequently a spontaneous response to shortage of water and job opportunities for the
poor people living in urban peripheries (Xu et al, 2005).
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In general, wastewater Irrigation has positive impacts on yield because it contains
valuable plant nutrients as mentioned above and thus its reuse in agriculture serves as
an important source of nutrients. Better crop growth particularly of leafy vegetable
grown on fields receiving sewage WW have been achieved (Kortei and Quansah
2016). The results of many studies on the use of WW for long period of time have
showed that there is a significant increase in crop yields compared with grey
wastewater irrigated fields showing that the use of distillery effluents (25-times
diluted) produced significantly higher onion yield compared with maximum fertilizer
use efficiency from plots fertilized with 40kg N, 20kg P2O5 and 20kg K2O/ha grey
water irrigated plots has been reported (Zalawadia, et al., 1996).
However, the quality of irrigation water is of particular importance in arid zones
where extremes of temperature and low relative humidity result in high rates of
evaporation, with consequent deposition of salt which tends to accumulate in the soil
profile. The physical and mechanical properties of the soil, such as dispersion of
particles, stability of aggregates, soil structure and permeability, are very sensitive to
the type of exchangeable ions present in irrigation water. Thus, when effluent use is
being planned, several factors related to soil properties must be taken into
consideration. A thorough treatise on the subject prepared by Ayers and Westcot
(1985) is contained in the FAO Irrigation and Drainage Paper and the summaries are
presented in the following Table 8.
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Table 8: Guidelines for interpretation of water quality for irrigation
Potential irrigation problem

Units

Degree of restriction on use
None

Salinity
Ecw1
or
TDS
Infiltration
SAR2 = 0 - 3 and ECw
Specific ion toxicity
Sodium (Na)
Chloride (Cl)
Nitrogen (NO3-N)3
Bicarbonate (HCO3)
pH

Slight to moderate

Severe

dS/m

< 0.7

0.7 - 3.0

> 3.0

mg/l

< 450

450 - 2000

> 2000

> 0.7

0.7 - 0.2

< 0.2

SAR
meq/l

<3
<4

3-9
4-10

mg/l
me/I

<5
< 1.5

5 - 30
1.5 - 8.5
Normal range 6.5-8

>9
>10
> 30
>8.5

Source: FAO (1985)

The primary wastewater quality parameters of importance from an agricultural
viewpoint are as follows:
2.7.1

Total Salt Concentration (TDS)

Total salt concentration (for all practical purposes, the total dissolved solids) is one of
the most important agricultural water quality parameters. This is because the salinity
of the soil water is related to, and often determined by, the salinity of the irrigation
water. Accordingly, plant growth, crop yield and quality of produce are affected by
the total dissolved salts in the irrigation water. Equally, the rate of accumulation of
salts in the soil, or soil salinization, is also directly affected by the salinity of the
irrigation water. Total salt concentration is expressed in milligrams per liter (mg/l) or
parts per million (ppm) (Friedl et al., 2004).
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2.7.2

Sodium Adsorption Ratio (SAR)

Sodium is a unique cation because of its effect on soil. When present in the soil in
exchangeable form, it causes adverse physico-chemical changes in the soil,
particularly to soil structure. It has the ability to disperse soil, when present above a
certain threshold value, relative to the concentration of total dissolved salts.
Dispersion of soils results in reduced infiltration rates of water and air into the soil.
When dried, dispersed soil forms crusts which are hard to till and interfere with
germination and seedling emergence. Irrigation water could be a source of excess
sodium in the soil solution and hence it should be evaluated for this hazard. The most
reliable index of the sodium hazard of irrigation water is the sodium adsorption ration,

SAR. The sodium adsorption ratio is defined by the formula:
Where, the ionic concentrations are expressed in meq/l.

It should also be noted that the SAR from the equation does not take into account
changes in calcium ion concentration in the soil water due to changes in solubility of
calcium resulting from precipitation or dissolution during or following irrigation.
However, the SAR calculated according to the equation is considered an acceptable
evaluation procedure for most of the irrigation waters encountered in agriculture. If
significant precipitation or dissolution of calcium due to the effect of carbon dioxide
(CO2), bicarbonate (HCO3-) and total salinity (EC) is suspected, an alternative
procedure for calculating an Adjusted Sodium Adsorption Ratio, SAR can be used.
The details of this procedure are reported by Ayers and Westcot (1985).
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2.7.3

Toxic Ions

Irrigation water that contains certain ions at concentrations above threshold values can
cause plant toxicity problems. Toxicity normally results in impaired growth, reduced
yield, changes in the morphology of the plant and even its death. The degree of
damage depends on the crop, its stage of growth, the concentration of the toxic ion,
climate and soil conditions. The most common phytotoxic ions that may be present in
municipal sewage and treated effluents in concentrations such as to cause toxicity are:
boron (B), chloride (Cl) and sodium (Na). Hence, the concentration of these ions will
have to be determined to assess the suitability of waste-water quality for use in
agriculture (FAO, 2004).
2.7.4

pH

pH indicates the intensity of acidity or alkalinity in water, and affects biological and
chemical reactions. The reactions tends to keep pH of most waters around 7–7.5,
unless large amount of acid or base are added to the water (Friedl et al., 2004). The
pH of water affects the solubility of many toxic and nutritive chemical; therefore, the
availability of these substances to aquatic organisms is affected. As acidity increases,
most metals become more water soluble and more toxic. Toxicity of cyanides and
sulfide also increases with the decrease in pH (increase in acidity). Ammonia however
becomes more toxic with only a slight increase in pH (FAO, 2004).
2.7.5 Sodium
The presence of sodium ion in drinking water is important factor in related with its
health complications .The abundance of sodium in the earth crust is 2.5 percent in soil
it is 0.02 to 0.62 percent in streams is 6.3mg/l and in ground water is generally greater
than 5mg/l.
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The ratio of sodium in water is important in agriculture and human physiology, soil
permeability can be harmed by a high sodium ratio, in large concentration of sodium
has health effects that may affect persons with cardiac difficulties, the recommended
limit for sodium in drinking water is about 20mg/l (WHO,2001).
2.7.6

Chloride

Chlorine as the chloride ion is the major constituent in water and waste water with a
wide range of concentration from few mg/l in clean rain to 10 of mg/l in
supersaturated, hot saline ground water. Chlorides are mineral salts and therefore, are
not affected by biological action of sewage. Their presences in natural water result
from the leaching of chloride-containing rocks and soils with which the water comes
in contact. Chlorine found in domestic sewage is derived from kitchen wastes, human
faeces and urinary discharge. Human faeces, for example, contain about 6g of
chloride per person per day (Sandra, 1996).
2.7.7

Electrical conductivity

Electrical Conductivity (EC) is the ability of water to conduct an electric current due
to dissolved salts present in it. The dissolved salts produce ions that migrate in
solution and then generate electric currents. The electrical conductivity (EC) is used
as a surrogate measure of total dissolved solids (TDS) concentration. EC may be
measured and reported in deciSiemens per metre (dS/m) or per centimeter. A value in
microSiemens can be converted to dS/m by dividing by 1000.
The presence of salt affects plant growth in three ways: (1) Osmotic effect, caused by
the total dissolved solids concentration in the soil water; (2) specific ion toxicity,
caused by the concentration of individual ions; (3) soil particle dispersion, caused by
high sodium and low salinity. With increasing soil salinity in the root zone, plants
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expend more of their available energy on adjusting the salt concentration within the
tissue (osmotic adjustment) to obtain needed water from the soil. Consequently, less
energy is available for plant growth in irrigated areas; salts originate from the local
ground water or from salts in the applied water (Mbgawu and Ekwealor, 1990).
2.7.8

Heavy Metals

The pollution of the aquatic environment with heavy metals has become a worldwide
problem during recent years, because they are indestructible and most of them have
toxic effects on organisms. Among environmental pollutants, heavy metals are of
particular concern, due to their potential toxic effect and ability to bioaccumulate in
aquatic ecosystems (Censi et al., 2006).
According to Pekey (2006), heavy metals are deemed serious pollutants because of
toxicity, persistence and non-biodegradability in the environment. Heavy metals such
as mercury (Hg), lead (Pb), arsenic (As), cadmium (Cd), selenium (Se), copper (Cu),
zinc (Zn), chromium (Cr) and vanadium (V) are considered potentially hazardous to
the human health and the environment. Essential trace metals are Cu, Zn and Fe;
which are vital components of enzymes, respiratory proteins and certain structural
elements of organisms but above certain threshold concentrations they are considered
potentially toxic to both humans and aquatic biota (Tadesse et al., 2015).
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3.

MATERIALS AND METHODS
3.1

Description of the Study Area

The study was conducted in Addis Ababa Abattoir Enterprise’s (AAE)
Slaughterhouse or ‘Kera’ compound located in the central part of Addis Ababa at 8°
65‘ N and 38° 43‘ E. The word “Kera‟ is a name given to a place where edible
animals are slaughtered. It is a municipal slaughterhouse which was established 60
years ago, located in the heart of Addis Ababa (Woreda 23, Cherkos Sub-city of the
Addis Ababa city Administration) and surrounded by residential houses. The
slaughterhouse was established to give slaughtering service and provide clean and
healthy meat for the city. Currently, it also generates income by selling its modified
byproducts as raw materials for other factories and animals feed (AAE, 2016).

Figure 11: Location map of the study area
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Kera is the biggest slaughterhouse in the country providing 60% of the daily beef
requirements of the Ababa residents (Asseged et al., 2004).
Currently, it is administered under Addis Ababa slaughterhouse enterprises with
involvement of the quarantine division of the Federal Ministry of Agriculture and
Natural Resources, in close supervision of the meat inspection activities. Each day, on
average, more than 1,000 head of cattle plus considerable numbers of small ruminants
(goats, sheep) and rarely pigs are slaughtered (AAE, 2016). For this reason, it uses
large amount of water, estimated as more than 400.57m3/day for washing meat and
cleaning the processing areas. This large amount of water consumption leads to
generate a significant amount of wastewater amounting about 363.35m3/day, which is
directly discharged in to the nearby Kera River without any prior treatment after it
travels only about 60 meters on land (Zemene and Seyoum,2017; Abrha et al , 2013).
Therefore, this pilot scale study was carried out in Addis Ababa Slaughterhouse
(Kera) compound using 6m3 dome shape anaerobic digester integrated with
constructed wetland and an irrigation plot to test the suitability of both the digester
and constructed effluents.

3.2

Experimental Design and Setup

3.2.1 Integrated treatment system
The integrated slaughterhouse wastewater treatment system consists of a wastewater
reservoir tank of about 2m3 in volume, an inlet chamber (0.29m3 in volume), an
anaerobic digester with volume of 6m3, AD effluent sedimentation tank with volume
1.2 m3 and constructed wetland of volume of 1.15 m3 (Figure 12 below shows the
schematic diagram of the pilot scale experimental setup).
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Figure 12: Schematic diagram of the pilot scale experimental setup
3.2.1.1 Anaerobic Digester
A pilot-scale anaerobic digester was constructed underground using bricks in a
dome shape with a dimension of 1.14 meter in height and 1.3 meter in diameter.
The digester was constructed underground to enable the microbial biomass
maintain the internal digester temperature in a stable manner regardless of the
environmental temperature fluctuations, so that no additional heating was
needed during the operation. The total volume of the digester was about 6m3, of
which 5.1m3 was working volume and the remaining volume dedicated for head
space for gas. The wastewater inlet to the dome shape anaerobic digester was
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installed with a PVC pipe at the bottom, 20cm from the bottom of the digester,
so that mixing of the digester system was performed with the up flow velocity of
the inlet wastewater and no additional mixing was done.

Picture 1: Pariatl view of the anaerobic digester duing construction and operation
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3.2.1.2 Constructed wetland
The pilot scale anaerobic digester was built in connection with a horizontal subsurface
flow (HSSF) constructed wetlands (CW) with a total effective volume of 1.79 m3,
having a length of 3.2m, width 0.9m and effective depth of 0.62m (see picture 1
below).

Picture 2: View of the constructed wetland during different phases
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As shown in the picture above, the constructed wetland was filled with medium- sized
gravel, ranging in size from 5 to 18 mm and vegetated with Phragmites karka,
selected based on its adaptability in the region and suitability in treating wastewaters
similar to the given wastewater type.
3.2.1.3

System Operation

Before using the slaughterhouse wastewater as a substrate, the digester was operated
using fresh cow manure and rumen content for 90 days so as to establish the essential
microbes in the digester. After 3 months of microbial establishment, the digester was
fed with the slaughterhouse wastewater by operating at four different phases defined
by different HRTs, i.e., 22, 14, 6 and 3 days with the corresponding organic loading
rate (OLR) as shown in Table 9.
Table 9: Operation parameters of the anaerobic digester during the experimental
period
Phases
1
2
3
4

Flow Rate
(l/day)
232
364
850
1,700

HRT
22
14
6
3

OLR (kgCOD/m3.day)
0.32
0.51
1.16
2.31

During the experimental period, the OLR in the digester was increased in
correspondence with decreasing HRT in order to allow microorganisms to adapt
the changing environment.
After the wetland plant (Phragmites Karka) had been fully established in three
months period, the anaerobically treated effluent was then further treated by the
constructed wetland, which was directly connected to the AD. Then, the
integrated system performances, in terms of different parameters such as biogas
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production, methane yield and organic matter (COD) and nutrient removal
efficiencies, were evaluated during the steady state of each study phase.
The digester was operated in semi-continuous mode by feeding once in every
24hrs interval for 11months (including the stabilization period), whereas, the
wetland was operated in a continues feeding mode for the same period.

3.2.2 Effluent Reuse Experiment
Field experiment was carried out to test the irrigation suitability and biofertilizer value
of both the anaerobic digester and constructed wetland effluents. The test was carried
out in a completely randomized block design (CRBD) system of 16 plots with a total
area of 48m2 and 3m2 in area for each plot (see Figure 12, number 15). All the plots
were seeded with seeds of Swiss chard (Beta vulgaries). Table 10 below shows the
treatment types, plot areas and replications in each treatment system.
Table 10: Description of blocks and experimental arrangements for field test
Plot Area (m2)

Treatment
Digester Effluent (DE)

3

Replication
(number)
4

Wetland Effluent (WE)

3

4

12

Chemical Fertilizer (CF)

3

4

12

Control (Crl)

3

4

12

Grand Total

Total Area
(m2)
12

48

The experimental plots were irrigated with respective treated wastewater and the
controls were irrigated with tap water only.
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3.3

Sample Collection and Analysis

3.3.1 Wastewater and biogas sampling
After steady states were attained for each study phase, triplicate wastewater
samples were collected from the influent, anaerobic digester and constructed
wetland effluents using sterilized plastic bottles during the period of April to
December 2016. Biogas samples were taken from the digester head space using
a normal saline plastic bag of volume one liter for composition analysis in the
laboratory.

3.3.2 Vegetable Sampling
From the day the vegetable seed was sown, each plot was irrigated using the
respective treatment method as indicated in Table 10 above. Watering each plot
was performed manually by directly applying to the soil surface and avoiding
contact of the wastewater/water with plant surfaces. Chemical fertilizer was
applied to one of the treatment plot calculated based on the Ministry of
Agriculture and Natural Resources general recommendation manual of fertilizer
application (100 kg of nitrogen and 100kg of diamonium phosphate fertilizers
per hectare).
Once the seed were germinate and the shoots were observed, physical
measurements such as height, canopy, number of leaves and leaf areas were
taken from sample plants from each treatment and its replications every week.
Upon maturity (after 9 weeks), the edible portions of the leafy vegetable (Swiss
chard) was harvested and the effects of the treatment methods was compared
each other and with the control.
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Picture 3: View of the irrigation field while taking measurement

3.3.3 Laboratory analysis
Measurement of physical parameter of the wastewater samples such as temperature
and pH were conducted in situ at the time of sampling. Temperature was measured by
digital thermometer and pH of the collected water samples were measured using pH
meter (CON, 2700) with all the instruments got calibrated prior to taking readings.
Biochemical oxygen demand (BOD5) and chemical oxygen demand (COD) were
determined by titrimetric/volumetric methods after serial dilution and incubation for
BOD and digestion for COD using standard method (APHA, 2012). Total phosphate
(TP), total nitrogen (TN), ammonium (NH+4-N), sulfide (S2-) and sulfate (SO42-) were
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measured by UV-Visible Spectrophotometer (Hack model DR/2400 portable
spectrophotometer, Loveland, USA), all according to HACH instructions. Total
suspended solid (TSS) and total solids (TS) were also measured according to the
methods described in standard methods of water and wastewater (APHA, 2012). TDS
and EC were measured using TDS/EC meter. Color, total alkalinity and total volatile
acid (TVFA) were determined by titration method as described at standard method
(APHA, 2012).
Some selected heavy and light metals, such as Cr, Cd, Pb, Fe, Zn, Na, Ca and Mg in
the feedstock were determined after nitric acid/hydrogen peroxide microwave
digestion by atomic absorption spectrometer (nonAA, 400P). Total coliform (TC) and
Fecal coliform (FC) were determined using the standard methods of APHA (2012).
The volumetric biogas production was measured using gas flow meter fitted on the
gas pipeline installed from the dome of the digester and the biogas composition was
determined using biogas analyzer (Geotechnical Instrument, UK, S/N BM-14068, and
England).

3.4

Operating Parameters

3.4.1 Organic Loading rate (OLR) and Hydraulic Retention Time (HRT)
Organic loading rate (OLR), described in Kg COD/m3 of the digester per day and is
defined as the amount of organic matter enters into the system in a specified time
period. It was calculated as follow (in equation 1). The retention time is the time
required to complete the degradation of organic matter. It is associated with the
microbial growth rate and depends on the process temperature, OLR and substrate
composition. OLR and HRT were calculated according to the following equationsequation 2 & 3, according to Ekama, and Wentzel (2008).
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Where Q is waste water flow rate (m3/day), C is the COD concentration in the inflow
(Kg/m3) and V is the working volume of the digester or the constructed wetland in
m3 .

Where,
HRTAD = hydraulic retention time of the anaerobic digester, day
HRTwc = hydraulic retention time of the constructed wetland, day
Q = flow rate, m3/d
V = volume of the wetland or anaerobic digester, m3
A = base area of wetland, m2
h = wetland water depth, m
ℇ= porosity (fraction of volume occupied by water), dimensionless

3.4.2 Percent removal efficiency (%)
The removal efficiencies (%) of the digester and constructed wetland for each
parameter such COD, BOD5, nutrients, etc. were determined by using the following
formula.

Where, Cin the inlet concentration of influent and Cf is the outlet concentration of
effluent (mg/l).
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3.4.3 Specific methane yield (SMY)
Specific methane yield (SMY) is the volume of methane produced relative to organic
matter reduced in the anaerobic digester. The SMY during the experimental study was
calculated using the following formula and expressed in m3/kgCODreduced.

Where, SMY is specific methane yield (m3/kgCOD), VCH4 is volume of methane
production in a given time and CODr

is COD reduced or consumed at the same

period of time.

3.4.4 Data Analysis
The data generated from analytical method of each sample were statistically analyzed
based on the objective of the study by organizing through MS-Excel spreadsheet. The
graphs were drawn using Origin software, version 2017. The analysis of variance and
comparison of means were performed on the data using IBM SPSS package version
23. The comparison between mean was performed at 5% level of significance.
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4.

RESULT AND DISCUSSION
4.1

Characteristics of the Slaughterhouse Wastewater

The slaughterhouse wastewater used in the current study was characterized prior and
during the pilot scale study and the mean physical, chemical and biological
characteristics of the slaughterhouse wastewater used in the study phases are shown
Table 11 below.
During sample collection, the lowest temperature mean value of the influent
wastewater was 29.33±1.17ºC and the highest mean value was 30.7±0.51ºC. The
levels of pH were found in the range between 7.14±0.16 and 7.23±0.27 which
indicated that the wastewater was almost neutral. The concentrations of total
dissolved solid (TDS) and conductivity (EC) levels of the wastewater samples were
considerably high with the range between 3,175.51±311.27 to 3,737.74±628.32 mg/l
and 1,803.25±86.43 to 1,881.17±122.23 μScm-1, respectively (Table 11). Those
values indicated that the slaughterhouse wastewater contained substantial dissolved
(mobile) ions such as sulfate, nitrate ammonium and other ions (Padilla et al, 2013).
The slaughterhouse wastewater used in the study also contained huge amount of total
and suspended solids with 6,033.31±293.48 to 6,545.07±519.69 mg/l for TS and
2,807.33±121.54 to 2,900.73±222.42g/l for TSS. Such elevated value of TS and TSS
in the slaughterhouses wastewater could be attributed to various solid by-products
such as animal feces, soft tissue removed during slaughtering and cutting, fats and soil
from hides and hooves as well as the enormous amount of blood and urines released
during slaughtering (Abrha et al. 2013).
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Table 11: Characteristics of the slaughterhouse wastewater used at four different OLR
Parameters

Phase I

Phase II

Phase III

Phase IV

pH
Temperature (ºC)
E.C. (μS/cm)
Color (Pt-Co)
Turbidity (JTU)
TS (mg/L)
TSS (mg/L)
TDS (mg/L)
COD (mg/L)
BOD5 (mg/L)
TN (mg/L)
NH4+-N (mg/L)
NO3--N(mg/L)
TP (mg/L)
Sulfide (mg/L)
Sulfate (mg/L)
Calcium (mg/L)
Magnesium (mg/L)
Sodium (mg/L)
TC (MPN/100mL)
FC (MPN/100mL)

7.18 ±0.18
30.7±0.51
1803.25±86.43
28563.6±3485.3
684.6±94.10
6205.53±685.78
2888.50±260.54
3317.03±612.58
7049.07±306.42
4364.97±443.74
565.16±54.91
241.55±39.57
156.28±17.16
152.33±16.75
2.02±0.14
569.85±58.10
819.5±25.24
96.7±6.78
991.34±115.25

7.22 ±0.25
29.9±1.06
1881.17±122.23
20686.98±1123.2
694.20±28.64
6545.07±519.69
2807.33±121.54
3737.74±628.32
7079.69±226.89
4330.90±417.06
570.40±77.89
226.65±12.33
166.96±19.61
157.60 ±13.41
2.10±0.15
574.89±45.17
795.21±32.95
76.53±6.20
106.85±39.8

7.14 ± 0.16
29.33±1.17
1870.61±118.21
23450.1±268.2
698.4±67.13
6033.31±293.48
2857.80±159.31
3175.51±311.27
6975.77±178.44
4352.74±335.97
584.84±61.77
227.88±20.56
132.87±19.49
154.19±12.52
2.25±0.53
567.31±46.73
727±5.45
95.51±3
1286.46±141.9

7.23±0.27
29.78±1.46
1843.82±148.70
22940.2±1105.5
696.6±32.10
6163.96±582.94
2900.73±222.42
3263.23±646.42
6942.59±152.98
4391.80±388.65
585.71±51.14
223.17±26.85
148.99±12.67
151.46±16.45
2.10±.10
583.28±36.21
732±56
74.13±12.80
1095.78±99.35

2.2*106±1.8*106

1.70*106±1.45*106
2.2*105±8.53*104

1.8*107±1.4*107
3.6*106±1.2*106

2.1*107±1.94*107
2.5*106±2.17*106

9.9*105±8.3*105

The mean organic matter content of the wastewater in this study was found extremely
high with COD and BOD values ranging from 6,942.59±152.98 to 7,079.69±226.89
mg/l and 4391.80±388.65 to 4330.90±417.06, respectively. Abrham and Tenalem
(2015) reported higher COD and solid contents in the same slaughterhouse plant
which was 11,546.67 mg/L for COD and 3,835.33 mg/L for TSS. On the other hand,
Pradyut et al. (2013) reported relatively similar COD values of 6,525 mg/L with
lower biodegradable behaviors of the slaughterhouse wastewater with BOD of 3, 000
mg/L compared to the present study.
As shown from Table 11, the wastewater also contained high amount of total nitrogen
(TN) with average concentrations ranging from 565.16±54.91 to 585.71±51.14 mg/L
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and ammonia with mean values from 223.17±26.85 to 241.55±39.57 mg/L. In
addition, sulfate concentration in the slaughterhouse wastewater was ranging from
567.31±46.73 to 583.28±36.21 mg/L and that of sulfide was very small with
concentration varied between 2.02±0.14 and 2.25±0.53 in mg/L. likewise, total
phosphate and nitrate concentrations were ranging from 151.46±16.45 to
157.60±13.41 mg/L and 132.87±19.49 to 157.60 ±13.41 mg/L, respectively. Abrha et
al. (2013) reported higher concentration of organic matter and nutrients such as TN,
NO3--N, NH4+ and TP in slaughterhouse wastewater.
As can be computed from Table 11, the COD/SO4-2 ratio laid between 11.9 and 12.4.
The highest ratio was observed in the influent used in the last phase (phase 4) of the
study. Research reports confirmed that there would be vigorous competition between
the methane producing bacteria and sulfur reducing bacteria if the COD/ SO4-2 ratios
are between 1.7-2.7 and sulfate reducing bacteria would be more competitive at lower
COD/SO4-2 ratios below 1.5 (Chen et al, 2008; Jeong et al.,2008). However, in the
current study, the ratios of COD/SO4-2 were greater than 11 in all the feedings used in
the four different phases. These levels of ratio support effective performance of the
anaerobic digester in both COD removal and increase biogas yield (Vinkata, 2005).
In addition, even though heavy metal concentration above the allowable limits were
not expected in slaughterhouse wastewater due to the nature of inputs in the
slaughtering process, concentrations of slaughterhouse wastewater samples were
analyzed for both light and heavy metals (for some selected ones) and no heavy
metals was detected (concentration below the detection limits) among the analyzed
ones (cadmium, chromium, copper, iron, lead and zinc) and the light metal
concentrations characterized are summarized in Table 11.
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Even though moderate concentrations of light metal are beneficial for anaerobic
microbial growth, excessive amounts retard growth of micro-organism and even
higher concentrations might cause severe inhibition or toxicity (Soto et al., 1993). In
the current study, the level of calcium with concentration ranging from 727±5.45 to
819.5±25.24 mg/L in the slaughterhouse wastewater was far below the maximum
tolerable limits for anaerobic process which ranges from 2,500-4,500 mg/L, as coined
by Minale and Worku (2014). Magnesium (41.3±7.8 to 53±6.2mg/L) and potassium
(83±7 to 99±8 mg/L) was below the optimum concentration for anaerobic digestions.
In addition, the sodium concentrations in the slaughterhouse wastewater which ranged
from 991.34±115.25 to 1286.46±141.9 mg/L) was well below the maximum tolerable
levels reported by researchers such as Feijoo et al. (1995) who showed that sodium
concentration at 3000nmg/l might cause inhibition on methanogenic bacteria.
In general, light and heavy metals ions in optimum concentrations stimulate the
growth of anaerobic microorganisms and all the metals measured in this study were
found either not detected or far below the maximum tolerable limit for anaerobic
digestion. Thus, the slaughterhouse wastewater can be treated with anaerobic
digestion process suitably.
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4.2

Anaerobic Digestion of Slaughterhouse Wastewater for
Methane Recovery and Organic Matter Removal

The performance of the pilot scale anaerobic digester, in terms of organic matter
removal efficiency, biogas production, methane production and yield and the digester
stability in terms of pH, TVFA and total alkalinity have been investigated for the four
phases of the study attributed to the different organic loading rate (OLR) in tropical
environmental conditions with an average mesosphilic digester temperature of
29.6±1.40 Co.

4.2.1 Biogas and Methane Production
The trends in the volumetric biogas and methane (CH4) production during all the
experimental phases are illustrated in Figure 13 below. The average biogas and
methane production during phase 1 (at OLR=0.32 kg m-3d-1 with HRT=22 days) was
0.42±0.02m3 and 0.31±0.02m3 per day, respectively. As the organic loading rate
increased in phase 2 and 3 through decreasing the HRT in to 14 and 6 days
respectively, the volumetric biogas and CH4 generations were also increased with the
highest in phase 3 (at OLR=1.16 kg m-3d-1) where 1.33±0.25m3 and 0.93±0.17m3
biogas and methane, respectively, were generated per day. However, when the OLR
increased from 1.16 kg COD m-3d-1 (phase 3) to 2.31 kg COD m-3d-1 (phase 4) with
further reduction of the HRT to 3 days only, a sharp falling of both biogas and CH 4
production were observed. This might be due to the inadequate HRT period at the
corresponding increased OLR values which was not sufficient for the microbial
biomass to convert the substrate to biogas and methane (Rajakumar et al., 2011).
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Figure 13: Volumetric production of biogas and methane at different organic loading
rate
As indicated in Table 12, significantly higher biogas and CH4 generation (p<0.05)
were observed in phase 2 and 3 compared to phase 1 attributed to the increased
organic loading rate. However, when the OLR increases from 1.16 kg COD m-3d-1
(phase 3) to 2.31 kg COD m-3d-1 (phase 4), the production of both biogas and CH4
were significantly reduced (p<0.05) compared to phase 3. Hence, significantly highest
biogas and methane generations (p<0.05) were observed in phase 3 (1.33±0.25 m3
biogas and 0.93±0.17 m3 CH4 generated per day). In general, a total volume of
143.94m3 biogas and 95.15m3 methane were generated during the entire study period
(about 6 months).
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The present study shows that biogas and CH4 generations were low at the beginning
of the experiment (phase 1) due to the insufficient organic matter to be converted to
biogas resulted in the maximum utilization of the substrate by microorganisms during
the long substrate retention time (Pradyut et al., 2013, Kavihta and Murugesan, 2007).
Then after, the volumetric biogas and methane productions were increased with
increasing organic loading rate from 0.32 to 1.16 kg COD m-3d-1, showing strong
linear correlations (R2=0.95) as shown in Figure 14. Since, the slopes of the lines are
positive, the gas production was positively correlated and increased with increasing
organic loading rate from phase 1 to phase 3.
Table 12: Summary of the pilot scale anaerobic digester performance
Parameters

Phase 1

Phase 2

Phase 3

Phase 4

OLR, kg.m-3.day-1
HRT, day
COD in, kg.day-1
COD removal, %
COD removed, kg.day-1
Biogas production, m3.day-1
Methane, %
Methane Production, m3.day-1
Methane yield, m3kg-1 CODr
CO2, %
pH

0.32±0.01
22
1.63±0.06
84.54
1.38±0.05
0.42±0.02
72.75
0.31±0.02
0.22±0.02
20.52
7.04 ±0.62

0.51±0.01
14
2.57± 0.08
82.82
2.13±0.06
0.65±0.0.07
70.15
0.45±0.05
0.21±0.02
23.20
6.85±0.88

1.16±0.03
6
5.93±0.15
77.92
4.62±0.20
1.33±0.25
69.86
0.93±0.17
0.20±0.04
25.30
6.82 ± 1.13

2.31±0.05
3
11.80±0.26
43.39
5.12±0.20
0.98±0.15
49.54
0.49±0.13
0.09±0.03
42.33
5.24±0.92

This revealed that the microbial biomass in the digester was continuously
acclimatizing to the changing environmental conditions created due to the increased
OLR up to 1.16 kg m-3d-1 (Andualem et al., 2017 and Borja et al., 1998). In addition,
it was observed that the digester was stable from phase 1 through phase 3
substantiated by the normal range of pH measured daily (Table 12).
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Figure 14: Biogas and methane generations as a function of organic loading rate
(OLR)
On the other hand, as the OLR increased from 1.16 kg m-3d-1 to 2.31 kg m-3d-1 in
terms of COD (phase 4), the volumetric biogas and methane generations were
significantly reduced (p<0.05) compared to phase 3 of the study. This might be due to
the inadequate HRT period at the corresponding increased OLR values which was not
sufficient for the microbial biomass to convert the substrate to biogas and methane
(Shifare and Seyoum 2017; Andualem et al., 2017). The digester was also observed
unstable in phase 4 as the pH dropped to 5.24.

4.2.2 Gas Composition and Methane Yield
The average biogas generation during phase 1 (at OLR=0.32 kg m-3d-1) was
0.42±0.02m3 per day with the CH4 and CO2 compositions were 72.75% and 20.52 %,
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respectively, resulted in an average 0.31 ±0.02m3 methane produced per day.
Relatively higher methane yield was also recorded in phase 1 (0.22±0.02 CH4 per kg
of COD reduced) due to higher percentage of methane content in the biogas
generated. When the organic loading rate increased from 0.32 to 0.51 and 1.16 kg
COD m-3d-1 in phase 2 and 3, a slight decreased in the methane content was observed
(70.15%, and 69.86% in phase 2 and 3, respectively) with an increase in the CO2
content of the biogas (23.2% and 25.3%).

However, there was no significant

difference in the average CH4 yield obtained in phase 2 (p=0.517) compared to phase1
(Table 12 and Figure 15). On the other hand, the methane yield generated in phase 1
was significantly higher than the methane yield generated in phase 3 and 4 (p<0.05).
On the other hand, when the OLR increases beyond 1.16 kg m-3d-1, the CH4 content
and yield were significantly reduced (p<0.05). In addition, the composition of CO2
was increased in phase 4 with the CH4 and CO2 composition were 49.54% and
42.33%, respectively, resulted in significantly lowest methane yield generation
(p<0.05) of all the study phases (only 0.09±0.03 m3 CH4 was generated per kg COD
reduced). Sindhu and Meera (2012) reported lower methane yield (0.17 m3 CH4 per
kg COD reduced) than phase 1, 2 and 3 of the present study from the treatment of
slaughterhouse wastewater using an up flow anaerobic sequencing batch reactor. The
methane yield obtained in phase 1, 2 and 3 of this study is comparable with results
reported by Rajakumar et al. (2012) from the treatment of slaughterhouse wastewater
using anaerobic sequencing batch reactor, who reported about 0.22 CH4 per kg of
COD reduced.

80

Figure 15: Comparison of methane yield with organic loading rate
However, the methane yields obtained in this study was lower than the results
recorded by Masse and Masse (2000) from the treatment of slaughterhouse
wastewater (0.49 m3CH4/kg COD removed) using anaerobic sequencing batch
reactor.

4.2.3 COD removal efficiency
COD was used as a major parameter to compare the performance of the digester and
to monitor the effect of OLR throughout the study phases. As can be seen from Figure
16, the digester showed a stable behavior from phase 1 to phase 3 (up to an OLR of
1.16 kg COD m-3day-1) with a slight decrease in the COD removal efficiency.
During the first phase of the operation, the average COD removal efficiency and mass
removal rate were 84.54% and 1.38±0.05 kg COD per day, respectively resulting in
1,086.17 mg/l of COD in the effluent. In the second phase, the average COD removal
efficiency was 82.82% with an average organic mass removal rate of 2.13±0.06 kg
COD per day while the average concentration of COD in the digester effluent was

81

1,211.66 mg/l. In the third phase, the average COD removal efficiency was decreased
to 77.92% while the organic mass removal rate was 4.62±0.20 kg COD per day
leaving 1,538.50 mg/l of COD in the final effluent. In the final phase (4), the COD
removal efficiency was significantly decreased (p<0.05) compared to the previous
phases and only about 43.39% of the COD was removed but the mass removal rate
was 5.12±0.20 kg COD per day leaving more than 56% (3,931.77 mg/l) of the COD
concentration in the effluent.
The COD removal efficiency in phase 1 was slightly higher than that of phase 2, but
not statically significant (p=0.156). However, the COD removal efficiency in phase 1,
2 and 3 were significantly higher than the COD removal efficiency in phase 4
(p<0.05). The major reason for the higher COD removal efficiency in phases 1, 2 and
3 could be attributed to the conversion of the simple organic compounds produced in
the hydrolysis in to volatile fatty acids by acidogenic bacteria and these intermediary
compounds are changed to acetic acid, carbon dioxide and hydrogen in the acetogenic
stage which are substrate for the methanogenic bacteria which used this molecule to
produce methane and carbon dioxide as end product (Rajakumar et al.,2011; Gerardi,
2003). Hence, higher HRTs in phase 1, 2 and 3 would cause a decrease in volatile
fatty acids (VFA) which could reduce the substrate availability to microorganism and
cause low accumulation of these acids in the reactor. This in turn increased the COD
removal efficiency (Rajakumar et al., 2012).
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Time (Day)
Figure 16: COD removal efficiency at different organic loading rate
On the other hand, the COD removal efficiency was significantly lower in phase 4
(p<0.05) due to insufficient time for the microbial biomass to convert the organic
substrate to the intermediate compounds and further to methane and carbon dioxide
due to the short HRT period (Pradyut et al., 2013).
As revealed from Figure 17, the COD removal efficiency was negatively correlated
with increasing of organic loading rate (Pearson Correlation= -0.92). The organic
matter mass removal rate was strongly associated with increasing of organic loading
rate (Pereason correlation = 0.99). Moreover, Figure 17 also showed the linear
relationship between mass removal rates of COD and organic loading rate and hence,
the COD mass removal rate was highly dependent on organic loading rate, which was
also substantiated by other studies (Song et al., 2003).
The COD removal efficiency of the first phase was not significantly different from
phase 2 (p=0.156) and significantly higher than that of the other two phases (p<0.05).
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The removal efficiency in the second phase was also higher than phase three and four
and removal efficiency in phase four was significantly lower than that of all the three
phases of the operation (p<0.05). Hence, the COD removal efficiency decreased with
increasing of organic loading rate (Figure 17). This might be attributed to the
accumulation of VFA due to the reduction of hydraulic retention time (HRT) in the
anaerobic reactor (Padilla et al, 2011).

Figure 17: COD removal efficiency and mass removal rate with organic loading rate

4.2.4 Evaluation of the digester stability
With respect to wastewater treatment stages, studies showed that the anaerobic
treatment process is much more susceptible than the aerobic process for the same
degree of factors deviations from the optimum conditions (Chen et al., 2008; Mara,
2001). Hence, the successful operation of anaerobic process demands meticulous
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control of operational and environmental factors required to maintain the viability of
the microorganisms involved in the process thereby ensuring the optimum efficiency
of the anaerobic processes (Rajakumar et al., 2011 and Paddila et al., 2011). The
stability of anaerobic process can be affected by different factors such as nature and
composition of the substrate used, temperature, pH, alkalinity, volatile fatty acids
(VFAs) concentration and the ratio of VFAs to alkalinity, among others.
The concentrations of some chemical parameters in the substrate such as some heavy
and light metal ions like iron, copper chromium, lead, sodium, potassium, calcium,
magnesium and non-metals compounds such as sulfate and ammonia can have either
inhibitory or enhancement effects on the anaerobic processes depending on their
levels of concentration and could end with toxicity at higher concentrations (Chen et
al., 2008).
As shown from Table 11 in section 4.1, the concentrations of light metals in the
slaughterhouse wastewater was very small and were lower than the inhibition level
reported in the literatures (Minale and Worku, 2014; Feijoo et al., 1995) and that of
heavy metals were not detected.
In addition, the ratio of COD

to sulfate in the substrate can also affect the

performance of anaerobic process as there exists a competition between sulfate
reducing bacteria (SRB) and methanogen bacteria (MPB) for organic substrate which
meticulously depends on the COD/SO4-2 ratio (Jeong et al.,2008; Vinkata, 2005).
Research showed that SRB out-compete MPB if the ratio of COD/SO4-2 is less than
1.7 and the competition is vigorous if the COD/SO4-2 ratios ranges from 7 to 2.7. On
the other hand, if the COD/SO4-2 ratio is more than 2.7, MPB out-competed (Vinkata,
2005).
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In the present study, the COD/SO4-2 ratios of the slaughterhouse wastewater during
the four study phases ranged from 11.9 to 12.4., which favors the MPB and was
appropriate for the effective process performances of the anaerobic digester in treating
the wastewater and biogas production.
Therefore, in the current study, the stability of the pilot scale an aerobic digester, with
slaughterhouse wastewater substrate, has been investigated for the four phases (HRT)
of the study attributed to the different organic loading rate (OLR) in tropical
environmental conditions with an average mesosphilic digester temperature of
29.6±1.40 Co. Hence, the process stability of the digester was assessed in terms of pH,
total volatile fatty acids (TVFAs), alkalinity and the ratio of TVFA/Alkalinity.
4.2.4.1 pH
Study showed that pH value is a very instrumental factor in anaerobic decomposition
process due to the fact that if its values are not in the optimum ranges in the process,
then it can inhibit the growth of the bacteria and subsequently the overall
performances of the digester could be hampered (Maria et al., 2015). Literatures
revealed that the optimum pH values for anaerobic conversion process ranges from
6.5–8 (Droste, 1997; Rajakumar et al,. 2012).
In the current study, the changes in pH values of the pilot scale anaerobic digester was
evaluated for the four phases of the study, which were attributed to the different
organic loading rates (OLRs). The result of the pH monitoring data during the study
period are shown in Figure 18 with respect to the VFA values in the same period and
the average pH values in each study phase are summarized in Table 13 at the end of
this section.
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As shown from Figure 18 below, the average pH values of the influent slaughterhouse
wastewater were above the levels of 7 in all the study phases. However, the pH values
slightly dropped to lower levels in the first weeks of the study phases and started to
increase after the first week, then become stable in the next weeks of the study period
for phase1 to 3. Hence, when the OLR increased from 0.32 kgCOD/day/m3 (phase 1)
to 0.51 kgCOD/day/m3 (phase 2) on the 51st day, the pH fell to lower values (even
though not harmful enough to the process) for the first ten days after which it slowly
started increase to optimum pH values for the anaerobic process and the same trend
was followed during phase 3 study to. However, while the OLR increased from 1.16
kgCOD/day/m3 in phase 3 to 2.31 kgCOD/day/m3 in phase 4, the dropped in pH
remain lower and never increased to a stable and optimum level which indicated that
the anaerobic digester was no more stable in phase 4.
This suggested that, from phase 1 to 3, while the anaerobic digester was operated at
HRT of 22, 14 and 6 days with corresponding OLR increase, the pH of the digester
re-established its optimum values from the first weeks shock happened due to the
subsequent increase of the OLR and maintained environmental pH above 6.8.
The stability of pH values in this pilot scale anaerobic digestion process of the
slaughterhouse wastewater indicated that the system was working within optimum
conditions for biogas production and treatability of the wastewater during the first
three phases. The dropped in pH in the first weeks of each study phase is attributed to
the sudden increase in the OLR contributed to the production of excess VFAs and the
microorganism took some time to acclimatize the new environmental conditions
which was also substantiated by research results done by Padilla et al (2011) and
Rajakumar et al., (2011), where pH decreases with increasing OLRs. After the first
week, the microorganism adapted the new environment and abled to convert the
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produced VFAs to biogas so that the process re-established its optimum pH. In
addition, the anaerobic digestion process was able to self-maintain the pH values in
optimum levels due to the high alkalinity concentrations of the slaughterhouse
wastewater which were high enough to buffer the system. That means, the substrate
has high alkalinity with buffering capacity that prevented the pH decrease to harmful
level although excess VFA production happened due to the increase in OLR (Maria et
al., 2015).
Different researchers investigated the optimum pH in the anaerobic digester process
of slaughterhouse wastewater. An optimum outlet pH value ranged from 6.6 to 7.8
with corresponding TVFA/Alkalinity ratio within the range of 0.12-0.34 was reported
by Rajakumar et al. (2011) during anaerobic digestion process of poultry
slaughterhouse wastewater. On the other hand, Droste (1997) reported that the best
range of pH values in the process of biogas production from anaerobic treatment of
slaughterhouse wastewater was 6.5 – 8.
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Figure 18: Trends of pH and VFA concentrations during the study phases
4.2.4.2 Volatile fatty acids (TVFA)
Changes in anaerobic digester operating conditions may result in the anaerobic
process imbalance and result in accumulation of volatile fatty acids (VFA).
Consequently, excess accumulation of VFAs resulted in drops of the digester pH and
breakdown of the buffering capacity of the anaerobic system (Padilla et al., 2011).
Figure 18 above shows the levels of TVFAs concentrations during the four phases of
the anaerobic treatment study. The TVFAs concentrations trend showed similar
behaviors in the first three phases of the study (with OLRs of 0.32, 0.51 and 1.16
kgCOD//m3/day and HRTs of 22, 14 and 6 days, respectively); i.e., the concentration
increased in the first ten days with maximum concentration reached from 8th to 10th
days and then started decreasing which resulted in corresponding increase of the pH
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values. Hence, the maximum TVFAs concentrations in phase 1, 2 and 3 were about
700, 800 and 1000 as mgCH3CHOOH/L, respectively. Then after, the TVFAs
concentrations decreased in each phase and reached steady state concentration of
about 400 mgCH3CHOOH/L, with slightly below or above it, in phase 1 to 3.
However, when the HRT decreased from 6 to 3 days with corresponding OLR
increased from 1.16 to 2.31 kgCOD//m3/day in phase 4 of the study, the TVFAs
sharply increased from about 390 mgCH3CHOOH/L in phase 3 to 1500
mgCH3CHOOH/L in phase 4 and remained higher; i.e., once the OLR reached at 2.31
kgCOD//m3/day, the TVFAs never decreased to a steady state which indicated that the
anaerobic digester might be unstable in phase 4.
Anaerobic treatment study of slaughterhouse wastewater done by Padilla et al. (2011)
recorded a maximum TVFA concentration of 448.3 mgCH3CHOOH/L without
observing any change in the treatment system stability, presumably due to the
neutralization of the TVFAs due to the alkalinity of the system which is similar to the
current study of the first three phases.
Shifare and Seyoum (2017) carried out anaerobic co-digestion of tannery and dairy
wastewater in different ratios and found a steady state TVFA concentrations from 790
to 980 mgCH3CHOOH/L which is well greater than the present study.
4.2.4.3 Alkalinity
The buffering capacity of an anaerobic digestion process is determined by the amount
of alkalinity present in the system.
An evaluation of alkalinity was conducted during all the four phases of this research
and Figure 19 shows the changes in alkalinity during the experimental period. The
anaerobic digestion process started with an average alkalinity values of about
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1,301.13±13.75, 1382.19±25.64, 1400.01±15.17 & 1337.24±29.25 as mg of CaCO3/L
which

increased

to

average

values

of

1803.25±86.43,

1881.17±122.23,

1870.61±118.21 and 1843.82±148.70 mg of CaCO3/L for phase 1, 2 3 and 4,
respectively. The behavior of the alkalinity in the study phases showed that the
treatment process produced an equivalent average alkalinity values of 502.12±11.23,
498.99±9.18, 470.6±14.27 and 466.58±19.25 mg of CaCO3/L in phase 1, 2, 3 and 4,
respectively, which were sufficient to neutralize the TVFAs generated during the
process of anaerobic digestions from phase 1-3 as depicted by the process stability.
These phenomenon might be attributed to a high concentration of organic nitrogen
present in the slaughterhouse wastewater. This is in agreement with Khanal (2008)
who investigated that the organic matter of the slaughterhouse wastewater, composed
mainly of proteins, like blood, reacts to form free ammonia. Subsequently, this
compound reacts with the CO2 produced during the anaerobic process, resulting in
ammonium bicarbonate and contributes to the increase of the system alkalinity.
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Figure 19: Levels of alkalinity and TVFA in each study phase
The average alkalinity values in the current study of all the phases are within the
optimum limits of stable or steady system of anaerobic digestion process (Gerardi,
2003). However, Shifare and Seyoum (2017) reported higher alkalinity values than
the present study, which was in the range of 2,800–3,900 gCaCO3/L and was
optimum for the anaerobic digestion process for enhanced biogas production during
co-digestion of tannery wastewater with dairy wastewater.
4.2.4.4 TVFA to alkalinity ratio
The stability of an anaerobic process can also be evaluated by the ratio of VFA to
alkalinity and is commonly used as early warning indicator of the anaerobic process.
The ideal ratio is in the range from 0.1 to 0.3 to avoid the acidification of the process
and any value above 0.4 is an indicator of instability (Padilla, et al., 2011). The
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TVFA/alkalinity ratios for this study are shown in Figure 20. The results
demonstrated that the TVFA/alkalinity ratio was within the optimal range during
phase 1 study and exceeded the optimal upper limit at the begging of the experiment
in phase 2 and 3 which decreased back in to the optimal range after the 10th day.
Despite the increased in TVFA/alkalinity ratios in the first ten days of the experiment,
the pH did not decrease during this period which may be attributed to the buffer
system of the process as described earlier. As shown from Figure 20, the
TVFA/alkalinity ratio was in the optimal range during the whole periods of phase 1 of
HRT 22. This may suggest that the lower TVFAs concentration in anaerobic process
is linked to the assimilation of organic matter by microorganisms and to methane
production (Rajakumar et al., 2011).

Time (Day)
Figure 20: Levels of TVFA to alkalinity ratios in each study phase
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The TVFA/alkalinity ratios in the range of 0.08-0.59 were reported by Padilla et al.
(2011) with stable conditions prevailed during the anaerobic digestion of
slaughterhouse wastewater.
Finally, the stability of the digester in the current study evaluated in terms of
ammonia nitrogen which was produced during the degradation of proteins,
nitrogenous fats and nucleic acid of the wastewater. In any anaerobic process,
ammonium (NH4+) and free ammonia (NH3) are the two most predominant forms of
inorganic nitrogen produced.
Literature revealed that free ammonia is more toxic than NH4+, due to the fact that it
can penetrate the cell membrane of microorganisms and cause proton imbalance and
potassium deficiency (Chen et al., 2008). As shown from Table 13 below, the
concentrations of total ammonia nitrogen in the current study were 252.19±13.93,
264.68±47.71, 288.31±60.46 and 266.04±39.37 for phase 1, 2, 3 and 4, respectively.
The result falls within the acceptable range of total ammonia required for stable
anaerobic digestion process as reported by Sung and Liu (2003). It was reported that
in a stable anaerobic process, methanogenic bacteria could tolerate NH3/L
concentrations up to 2000 mg without inhibition (Sung and Liu, 2003).
To sum up, the average values of the digester stability factors in the present study
operated under different working conditions (OLR, HRT, flow rate) was investigated
and the results are summarized Table 13 below.
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Table 13: Summary of stability factors during the anaerobic digestion process
Parameters

Phase I

Phase II

Phase III

Phase IV

7.04 ±0.62

6.85±0.88

6.82 ± 0.1.13

5.24±0.92

447.70±0.153.81

515.30±153.22

571.11±222.02

1197.30±268.69

1803.25±86.43

1881.17±122.23

1870.61±118.21

1843.82±148.70

VFA/Alkalinity

0.21±0.08

0.26±0.10

0.28±0.11

0.59±0.12

OLR, kg.m-3.day-1

0.32±0.01

0.51±0.01

1.16±0.03

2.31±0.05

252.19±13.93

264.68±47.71

288.31±60.46

266.04±39.37

pH
TVFAs, mg CH3CHOOH/L
Alkalinity, mgCaCO3/L

Ammonia, mg/l

4.3

Treatability Study of Slaughterhouse Wastewater

4.3.1 Overall System Performance
The overall treatment performance efficiency of the integrated treatment system was
evaluated based on the percentage removal of the organic matter, nutrients, pathogens
(TC and FC) and some physical parameters such as color and turbidity in the
slaughterhouse wastewater and summarized in Table 14 and 15 after a brief
discussions in the following sections.
4.3.1.1 Removal of Organic Matter
Based on the mean values of the steady state data of the system in each study phase,
removal efficiency of the pilot scale integrated treatment system for organic matter
contents in terms of biological oxygen demand (BOD5), chemical oxygen demand
(COD) and total suspended solids (TSS) were computed and presented in Figure 21
and Table 14 and 15 below.
Accordingly, the average removal efficiencies of the pilot scale integrated treatment
system for BOD5 were 98.42%, 98.18%, 98.05% and 76.24 % with mean influent
values of 4364.97±443.74 mg/l, 4330.90±417.06 mg/l, 4352.74±335.97 mg/l,
4391.80±388.65 mg/l and corresponding effluent values of 68.35±10.43 mg/l,
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77.67±7.55 mg/l, 78.97±7.12 mg/l and 1029.53±111.85 mg/L in phase 1, 2, 3 and 4,
respectively.
During the first phase of the operation, the average COD removal efficiency of the
integrated treatment system was 97.05% with the influent and effluent concentrations
were 7,049.07±306.42 mg/L and 207.95±9.04 mg/L, respectively. In the second
phase, the average COD concentrations in the influent and effluent were
7,079.69±226.89 mg/L and 230.09±7.37 mg/L, respectively and its COD removal
efficiency was 96.75. In the third phase, the average COD removal efficiency was
almost similar to that of the previous phases (96.45%) with an influent COD
concentration of 6,975.77±178.44 mg/L and leaving 247.64±6.33 mg/L of COD in the
final effluent. In the final phase (4), the COD removal efficiency was significantly
decreased (p<0.05) and only about 67.70% of the COD was removed leaving
2,242.46±49.41 mg/L of the COD concentration in the effluent.
As shown from Figure 21, the mean removal efficiencies of the pilot scale integrated
treatment system for TSS were 97.25%, 97.20%, 97.16% and 65.28 % with the mean
influent values of 2,888.50±260.54 mg/L, 2807.33±121.54 mg/L, 2,857.80±159.31
mg/L, 2,900.73±222.42 mg/L, respectively. The corresponding effluent values of TSS
were 79.43±7.16 mg/L, 78.32±3.39 mg/L, 81.16±4.52mg/L and 1007.13±77.22 mg/L
in phase 1, 2, 3 and 4, respectively (Tables 14 and 15).
Only slight differences with no significance differences were observed in removal
efficiencies of organic matter between phase 1, 2 and 3 (0.175<p<0.245). However,
the organic matter removal efficiency was significantly lower in phase 4 (p<0.05)
compared to that of the other three phases due to insufficient time for the microbial
biomass to convert the organic substrate to the intermediate compounds and further to
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methane and carbon dioxide due to the short HRT in the anaerobic component
resulting relatively higher organic loading rate in the constructed wetland.
As revealed by Figure 21 and inferred from Table 14 and 15, the current study
confirmed that the overall organic matter removal efficiencies of the anaerobic
digester and constructed wetland integrated treatment system was found to be very
high. This shows that the anaerobic process significantly reduced the bulk of the
organic compounds (Rajakumar et al., 2011; Chen et al., 2008) whereas the remaining
residues had also been further removed in the constructed wetland system (Varga et
al., 2013).

Figure 21: Average organic matter removal efficiencies of the integrated treatment
system in each study phase
Now days, integrated wastewater treatment systems are being preferred over the
conventional treatment systems due to their effectiveness in removing pollutants
without or less sludge produced (Taddesse et al., 2016). Various researches on
anaerobic digestion of slaughterhouse wastewater revealed that organic matter
removal efficiencies are less than 80-85%. (Rajakumar et al, 2011; Padilla et al,
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2011). Maria et al. (2015) reported an organic matter removal efficiency ranging from
16% to 79% in their research on anaerobic digestion of slaughterhouse wastewater in
different operating conditions. Another research by Padilla et al. (2011) reported an
organic matter removal efficiency of 75% via treating slaughterhouse wastewater
anaerobically, all of which are far below the organic matter removal efficiency
achieved in phase 1 up to 3 of the current study, using an integrated treatment system.
Tadesse et al. (2016) also reported a COD removal efficiency of 96.6% by treating
tannery wastewater via an integrated wastewater treatment system of anaerobic,
aerobic and constructed wetland system which is comparable with the current result in
phase 1 to 3, which were 97.1% to 96.5% (Figure 21).
Concerning the legal effluent discharge limits, the final effluent concentrations of the
organic matter evaluated in terms of COD, BOD and TSS in phase 1, 2 and 3 of the
current study (as summarized in Table 14 and 15) fulfils the Ethiopian EPA
environmental discharge standard limits for slaughterhouse wastewater which is 250
mg/L for COD and 80 mg/L for BOD5 and TSS (EEPA, 2003). However, the
integrated treatment system effluent concentrations of COD, BOD and TSS in phase 4
which were 1,029.53±111.85 mg/L, 2,242.46±49.41 mg/L and 1,007.13±77.22 mg/L,
respectively, were above the legal discharge standard limits mentioned above.
4.3.1.2 Removal of nutrients
To evaluate the nutrient removal efficiency of the overall integrated treatment system,
total nitrogen (TN), ammonia (NH4+-N), nitrate (NO-3-N), total phosphate (TP),
sulfide (S-2) and sulfate (SO42- ) of the influent and effluents were analyzed in each
study phases. Accordingly, the overall average nitrogen removal efficiencies of the
pilot scale integrated treatment system in phase 1 for TN, NH4+-N and NO-3-N were
93.79%, 95.62% and 94.59% with the mean influent values of 565.16±54.91 mg/l,
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241.55±39.57 mg/l, 156.28±17.16 mg/l and corresponding effluent values were
35.10±3.41 mg/l, 10.58±1.73 mg/l, 8.45±0.93 mg/l, respectively.

In the second

phase, removal efficiencies of the overall system for TN, NH4+-N and NO-3-N were
93.98%, 94.05% and 96.43% with the average influent and effluent concentrations
were 570.40±77.89 mg/l, 226.65±12.33 mg/l, 166.96±19.6 mg/l 1 and 40.04±5.40
mg/l, 13.49±0.75 mg/l, 5.95±0.70 mg/l, respectively. The removal efficiencies of the
system in phase 3 were not significantly different from the previous phases in terms of
nitrogen removal percentages. Thus, removal efficiencies of 93.49%, 91.25%, and
91.25% for TN, NH4+-N and NO-3-N, respectively were achieved and the influent
concentrations were 584.84±61.77 mg/l, 227.88±20.56 mg/l and 132.87±19.49 mg/l
with corresponding effluent values of 38.07±4.02 mg/l, 19.94±1.80 mg/l, and
5.95±0.87 mg/l for the same parameters in their order of listing in phase 3 of the
study. Finally, the nitrogen removal efficiencies of the pilot scale integrated treatment
system in phase 4 in terms of TN, NH4+-N and NO-3-N were 75.25%, 85.65% and
90.21% with mean influent values of 585.71±51.14 mg/l, 223.17±26.85 mg/l,
148.99±12.67 mg/l and corresponding effluent values of 144.96±12.66 mg/l,
21.78±2.62 mg/l, 21.38±1.82 mg/l, respectively.
Statically, only slight differences, with no significance differences (0.095<p<0.475)
were observed in the overall removal efficiencies of the integrated treatment system
for TN, NH4+-N and NO-3-N between phase 1, 2 and 3. However, the removal
efficiencies of nitrogen species in phase 4 were significantly lower (p<0.05) compared
to that of the other three phases. This might be due to insufficient time for the
microbial biomass to convert the organic substrate to the intermediate compounds and
further to methane and carbon dioxide due to the short HRT in the anaerobic
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component, resulting relatively higher organic loading rate in the constructed wetland
which might affect the removal efficiencies of nitrogen species (Chen et al., 2014).

Figure 22: Average nutrients and TDS removal efficiencies of the integrated treatment
system in each study phase
Regarding phosphate, the average total phosphate (TP) removal efficiency of the
integrated treatment system in phase 1 was 85.24 % with the influent and effluent
concentrations were 152.33±16.75mg/L and 22.49±6.17 mg/L, respectively. In the
second phase, the average TP concentrations in the influent and effluent were
157.60±13.41mg/L and 24.52±7.53 mg/L, respectively and its removal efficiency was
84.44%. In the third phase, the average TP removal efficiency was almost similar to
that of the previous phases (83.98%) with an influent TP values of 154.19±12.52
mg/L but leaving higher concentrations of TP (24.70±10.10 mg/L) TP in the final
effluent. No significance differences were observed in removal efficiencies of TP
between phase 1, 2 and 3 (0.265<p<0.790). In the final phase (4), the TP removal
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efficiency was significantly decreased (p<0.05) and only about 78.22% of the TP was
removed leaving 32.98±9.52 mg/L of the TP concentration in the effluent.
4.3.1.3 Removal of Sulphur
The overall sulfur removal efficiency of the integrated system was computed in terms
of sulfide (S2-) and sulfate (SO42-) removal percentage and summarized in Table 14
and 15. Accordingly, the average removal efficiencies of the pilot scale integrated
treatment system for sulfide were 87.00%, 87.50%, 90.05% and 76.85% with the
mean influent values of 2.02±0.14 mg/l, 2.10±0.15 mg/l, 2.25±0.53 mg/l, 0.22±0.05
mg/l and corresponding effluent values of 0.26±0.02 mg/l, 0.27±0.01 mg/l,
78.97±7.12 mg/l and 0.49±0.03 mg/l in phase 1, 2, 3 and 4, respectively.
On the other hand, as it can be inferred from Figure 22, and Table 14 and 15, SO42
removal efficiency of the integrated treatment system was relatively small compared
to that of other nutrients as its removal efficiencies in phase 1, 2, 3 and 4 were
82.34%, 78.70%, 79.45%, and 70.46%, respectively. The system influent values of
SO42- were 569.85±58.10 mg/L, 574.89±45.17 mg/L, 567.31±46.73 mg/L and
583.28±36.21 mg/L with the corresponding effluent concentrations of 100.66±24.75
mg/L, 122.46±24.98 mg/L, 116.60±70.73 mg/L and 172.32±47.23 mg/L during phase
1,2,3 and 4, respectively.

101

4.3.1.4 Removal of TDS
As shown from Figure 22, the mean removal efficiencies of the pilot scale integrated
treatment system for TDS were 89.84%, 88.20%, 88.91% and 60.11% with the mean
influent values of 3317.03±612.58 mg/L, 3737.74±628.32 mg/L, 3175.51±311.27
mg/L, 3263.23±646.42 mg/L and corresponding effluent values of 337.01±62.24
mg/L, 368.91±69.01 mg/L, 352.16±34.52 mg/L and 1301.70±257.86 mg/L in phase 1,
2, 3 and 4, respectively (Table 14 and 15).
Table 14: Summary of mean values of the wastewaters characteristics and removal
efficiencies of the integrated treatment system in phase 1 and 2
Phase 1

Phase 2

Parameters
Influent

Effluent

%
Removal

Influent

Effluent

%
Removal

pH

7.18 ±0.18

7.60±0.40

-

7.22 ±0.25

6.75±0.29

-

Temperature (ºC)

30.7±0.51

21.49±1.50

-

29.9±1.06

21.69±3.15

-

1803.25±86.43

342.45±44.39

81.00

1881.17±122.23

370.47±49.02

80.20

684.6±94.10

17.39±2.39

97.46

694.20±28.64

22.70±0.94

96.73

TSS (mg/l)

2888.50±260.54

79.43±7.16

97.25

2807.33±121.54

78.32±3.39

97.20

TDS (mg/l)

3317.03±612.58

337.01±62.24

89.84

3737.74±628.32

368.91±69.01

88.20

DO (mg/l)

1.85±0.16

6.45±0.60

-

1.67±0.33

6.16±0.33

-

COD (mg/l)

7049.07±306.42

207.95±9.04

97.05

7079.69±226.89

230.09±7.37

96.75

BOD5 (mg/l)

4364.97±443.74

68.35±10.43

98.42

4330.90±417.06

77.67±7.55

98.18

565.16±54.91

35.10±3.41±

93.79

570.40±77.89

39.45.04±5.4

93.98

NO N (mg/l)

156.28±17.16

8.45±0.93

94.59

166.96±19.61

5.95±0.70

96.43

NH4+-N (mg/l)

241.55±39.57

10.58±1.73

95.62

226.65±12.33

13.49±0.75

94.05

TP (mg/l)

152.33±16.75

22.49±6.17

85.24

157.60 ±13.41

24.52±7.53

84.44

Sulfide (mg/l)

2.02±0.14

0.26±0.02

87.00

2.10±0.15

0.27±0.01

87.50

Sulfate (mg/l)

569.85±58.10

100.66±24.75

82.34

574.89±45.17

122.46±24.98

78.70

Color (Pt-Co)

28563.6±3485.3

148.53±18.1

99.48

20686.98±1123.2

213.1±11.5

98.97

TC (MPN/100ml)

2.2*106±1.8*106

4.2*104±3.5*104

98.05

E.C. (μS/cm)
Turbidity (JTU)

TKN (mg/l)
3-

FC (MPN/100ml)

5

9.9*10 ±8.3*10

5

2

9.9*10 ±8.3*10

2

99.99

1.70*106±1.45*106 3.4*104±2.9*104
5

2.2*10 ±8.53*10

4

2

2.6*10 ±9.5*10
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97.99
99.89

Table 15: Summary of mean values of wastewaters characteristics and removal
efficiencies of the integrated treatment system in phase 3 and 4
Phase 3

Parameters

pH
Temperature
(ºC)
E.C. (μS/cm)
Turbidity (JTU)

Influent
7.14 ± 0.16
29.33±1.17
1870.61±118.21
698.4±67.13

TSS (mg/l)

2857.80±159.31

TDS (mg/l)

3175.51±311.27

DO (mg/l)

1.84±0.23

COD (mg/l)

6975.77±178.44

BOD5 (mg/l)

4352.74±335.97
584.84±61.77

TN (mg/l)
3-

132.87±19.49

4+

NH -N (mg/l)

227.88±20.56

TP (mg/l)

154.19±12.52

NO N (mg/l)

Phase 4

Effluent

%
Removal

6.73±0.28

-

20.53±3.57

-

441.23±82.20

76.40

30.45±2.93
81.16±4.52
352.16±34.52
6.31±0.51
247.64±6.33
78.97±7.12
38.07±4.02
5.95±0.87
19.94±1.80
24.70±10.10

Effluent

%
Removal

6.20±0.64

-

20.98±2.57

-

1843.82±148.70

708.05±89.22

61.62

95.64

696.6±32.10

240.47±11.08

65.48

97.16

2900.73±222.42

1007.13±77.22

65.28

88.91

3263.23±646.42

1301.70±257.86

60.11

-

1.97±0.6

4.71±41

-

96.45

6942.59±152.98

2242.46±49.41

67.70

98.05

4391.80±388.65

1029.53±111.85

76.24

93.49

585.71±51.14

144.96±12.66

75.25

95.52

148.99±12.67

21.38±1.82

85.65

91.25

223.17±26.85

21.78±2.62

90.21

83.98

151.46±16.45

32.98±9.52

78.22

90.05

2.10±.10

0.49±0.03

76.85

79.45

583.28±36.21

172.32±47.23

70.46

5028.5±242.3

78.08

Influent
7.23±0.27
29.78±1.46

Sulfide (mg/l)

2.25±0.53

Sulfate (mg/l)

567.31±46.73

Color (Pt-Co)
TC
(MPN/100ml)
FC
(MPN/100ml)

23450.1±268.2

246.23±31.2

98.95

22940.2±1105.5

1.8*107±1.4*107

4.3*105±3.3*105

97.57

2.1*107±1.94*107

6.2*106±5.9*106

69.75

3.6*106±1.2*106

8.4*103±2.8*103

99.78

2.5*106±2.17*106

5.7*105±5.0*105

77.00

0.22±0.05
116.60±70.73

Generally, the slight differences observed in removing nutrients and TDS were not
significance within and between phase 1, 2 and 3(0.325<p<0.895). However, the
removal efficiencies of nutrients in phase 4 were significantly lower (p<0.05)
compared to that of the other three phases due to insufficient time for the microbial
biomass to convert the organic substrate to the intermediate compounds and further to
methane and carbon dioxide due to the short HRT in the anaerobic component
resulting relatively higher organic loading rate and lower HRT in the constructed
wetland which might affect the removal efficiencies of nutrients and TDS in overall.
To sum up, as revealed by Figure 22 and inferred from the summary Table 14 and 15,
the current study confirmed that the nutrients and TDS removal efficiencies of the
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anaerobic digester and constructed wetland integrated treatment system was found to
be very high signifying that the anaerobic process significantly creates conducive
conditions for the nutrients to be removed by the constructed wetland system (Varga
et al., 2013, Vymazal, 2009).
Regarding the legal effluent discharge limits of Ethiopia, the final effluent
concentrations of TN and NH4+-N (Table 14 and 15) were in line with the Ethiopian
EPA discharge limit values set for slaughterhouse wastewater effluents which are 40
mg/L for TN and

20 mg/L for NH4+-N (EEPA 2003). However, the effluents

concentration values of total phosphorous in all the study phases were above the EPA
standard discharge limits which is 5 mg/L and TN and NH4+-N values in phase 4 of
this study were also above the standard discharge limits.
4.3.1.5 Removal of pathogens
As shown in Table 14 and 15, the mean load of pathogenic indicators in the influent
samples

in

1.8*107±1.4*107

MPN/100mL
and

were

2.2*106±1.8*106,

2.1*107±1.94*107

for

Total

1.70*106±1.45*106,

Coliforms

(TC)

and

9.9*105±8.3*105, 2.2*105±8.53*104, 3.6*106±1.2*106, and 2.5*106±2.17*106 for
Fecal Coliforms (FC) for phase 1, 2, 3 and 4, respectively.
TC and FC were not detected in the anaerobic digester effluents in each study phase
but, enormous number of such pathogen loads were re-detected again in the wetland
effluents (Table 14 and 15) which might be attributed to the anaerobic digester
effluents were re-contaminated in the wetland. In any case, the overall microbial
removal efficiency of the integrated treatment system was very high which removed
98.05%, 97.99%, 97.57% and 69.75 % of the TC leaving 4.2*104±3.5*104,
3.4*104±2.9*104, 4.3*105±3.3*105 and 6.2*106±5.9*106 as MPN/100mL of the TC in
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the final effluent, respectively in phases 1, 2, 3 and 4. The overall removal efficiency
of the integrated treatment system for FC were 99.99%, 99.89, 99.78 and 77.0%
during the studies in phase 1, 2, 3 and 4, respectively.
The present study shows that the efficiency of the integrated treatment system in
removing TC is slightly lower than that of study done by Tadesse et al. (2016) on
tannery wastewater treatment using an integrated system of anaerobic, aerobic and
constructed wetland in Mojo, Ethiopia. In this study, the researchers reported that
99% of TC was removed leaving only 1±0.5 MPN/100mL.

4.3.2 Performances of the Integrated Treatment System Components
The overall removal efficiencies of the integrated treatment system for organic and
inorganic pollutants as well as pathogens were dealt in the previous sections. In this
section, the nature of nutrients and organic matter along the components of the
integrated treatment system (anaerobic digester and constructed wetland) were
evaluated and presented as follow.
As shown from Figure 23 and inferred from Table 16, investigations and analysis of
the organic matter removal efficiencies along the integrated treatment system
components revealed the same trend in all the study phases. The anaerobic digester
performed better in removing the bulk of the organic matter during the study phases
with the system influent OLRs ranging from 0.32 to 2.31 kgCOD/m3.day. As a result,
the removal of efficiencies of the anaerobic process for BOD5 in all the current study
phases was ranging from 59.23% to 91.10% for phase 4 to 1, respectively (Table 16).
In anaerobic digestion process, COD is mainly used as a major parameter to compare
the performance of the digester and to monitor the effect of OLR on the performance
of the anaerobic process. In this study, investigation and analysis of COD along the
treatment components confirmed that the digester showed a stable behavior from
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phase 1 to phase 3 (up to an OLR of 1.16kg COD m-3day-1) with a slight decrease in
the COD removal efficiency.

Figure 23: Organic matter removal along the integrated treatment system components
During the first phase of the operation, the average COD removal efficiency and mass
removal rate of the anaerobic digester were 84.54% and 1.38±0.05 kg COD per day,
respectively. This resulted in 1,086.17mg/L of COD in the effluent which further
reduced to 207.95±9.04 mg/L by the constructed wetland through a removal
efficiency of 80.45%.
In the second phase of the study, the average COD removal efficiency of the AD was
82.82% with an average organic mass removal rate of 2.13±0.06 kg COD per day.
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The average concentration of COD in the digester effluent was 1,211.66 mg/L which
again reduced to 230.10±7.37 mg/L in the wetland effluent.
In the third phase, the average COD removal efficiency was decreased to 77.92%
while the organic mass removal rate was 4.62±0.20 kg COD per day leaving 1,538.50
mg/l of COD in the final effluent.
In the final phase (4), the COD removal efficiency was significantly decreased
(p<0.05); only about 43.39% of the COD was removed but the mass removal rate was
5.12±0.20 kg COD per day leaving more than 56% (3,931.77mg/l) of the COD
concentration in the effluent. Hence, 2,242.46±49.41 mg/L of COD was left in the
constructed wetland effluent which is far above the EEPA discharge standard limits,
which is 250 mg/l (EEPA, 2003).
To sum up, in the current study, the AD removed the bulk of the organic matter and
the residues from the anaerobic process were also removed by the constructed wetland
(Rajakumar et al., 2011; Varga et al., 2017). The COD removal efficiencies was
ranging from 82.9% to 42.96% and corresponding effluent concentration were
between 207.95±9.04 mg/L and 2242.46±49.41 mg/L.
In addition, the constructed wetland performed better in improving the DO level
which was significantly improved (p<0.05) in the constructed wetland effluent.
Hence, as can be inferred from Table 16, the DO levels were improved from the
anaerobic digester effluent average concentrations of 2.85±.26, 2.83±.39, 2.80±.36
and 2.12±.32 mg/L to 6.45±0.60, 6.16±0.33, 6.31±0.51 and 4.71±41 in mg/L in the
CW effluents for phase 1, 2, 3 and 4, respectively).
Regarding the organic matter removal, phase 3 with the integrated system influent
OLR of 1.16 kg COD m-3 day-1and mass removal rate of 4.62±0.20 kg COD per day
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for AD, was the best in removing the bulk of the organic matter resulting suitable
condition for the constructed wetland to reduce the COD values to 247.64±6.33 mg/L
which is well below the EEPA discharge standard limits.
Table 16: Mean values of DO and organic matter along the treatment system in the
study phases
Study
Phase

Treatment
System

Phase 1

Anaerobic
Digester

Constructed
Wetland

Phase 2

Anaerobic
Digester

Constructed
Wetland

Phase 3

Anaerobic
Digester

Constructed
Wetland

Phase 4

Anaerobic
Digester

Constructed
Wetland

Wastewater
type

DO
(mg/l)

BOD
(mg/l)

COD
(mg/l)

TSS
(mg/l)

Influent

1.85±0.16

4364.97±443.74

7049.07±306.42

2888.50±260.54

Effluent

2.85±.26

388.30±157.31

1063.74±72.89

466.36±57.75

% Removal

-

91.10

84.54

83.85

Influent

2.85±.26

388.30±157.31

1063.74±72.89

466.36±57.75

Effluent

6.45±0.60

68.35±10.43

207.95±9.04

79.43±7.16

% Removal

-

82.40

80.45

82.97

Influent

1.67±0.33

4330.90±417.06

7079.69±226.89

2807.33±121.54

Effluent

2.83±.39

426.41±191.03

1221.09± 60.00

506.94±75.12

% Removal

-

90.15

82.82

81.94

Influent

2.83±.39

426.41±191.03

1221.09± 60.00

506.94±75.12

Effluent

6.16±0.33

77.67±7.55

230.10±7.37

78.32±3.39

% Removal

-

81.79

81.16

84.58

Influent

1.84±0.23

4352.74±335.97

6975.77±178.44

2857.80±159.31

Effluent

2.80±.36

463.52±107.20

1538.50±111.89

642.16±48.45

% Removal

-

89.37

77.92

77.53

Influent

2.80±.36

463.52±107.20

1538.50±111.89

642.16±48.45

Effluent

6.31±0.51

78.97±7.12

247.64±6.33

81.16±4.52

% Removal

-

82.96

83.90

87.36

Influent

1.97±0.06

4391.80±388.65

6942.59±152.98

2900.73±222.42

Effluent

2.12±.32

1790.50±363.73

3931.77±200.25

1702.72±119.80

% Removal

-

59.23

43.39

41.30

Influent

2.12±.32

1790.50±363.73

3931.77±200.25

1702.72±119.80

Effluent

4.71±41

1029.53±111.85

2242.46±49.41

1007.13±77.22

% Removal

-

42.50

42.96

40.85
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On the other hand, evaluation of the integrated treatment system components for
nutrients removal efficiencies proved that the bulk of the nutrients were removed by
the constructed wetland during all the study phases (Figure 24 and 25, and Table 17).
As a result, the constructed wetland component performed the higher removal
efficiencies than the anaerobic process for all the measured nutrients. Therefore, the
performances of the constructed wetland for nitrogen removal with efficiencies
ranging from 67.39-91.25% for TN, 91.81-95.80% for NH4+-N and 84.47-95.45% for
NO3—N was good enough to fulfil the effluent discharge standards of the country for
the constructed wetland effluents in phase 1, 2 and 3. In addition, the removal
efficiency of sulfide in the constructed wetland was very high, ranging from 96.27%
to 98.28%. However, the sulfate and TP removal efficiencies of the constructed
wetland were relatively small (64.27-78.69% for SO42- and 76.55-83.53%) compared
other studies (Varga et al, 2013).
Concerning the nutrient removal efficiencies of the anaerobic digester, the
concentration of TN, NO3--N and SO42- in AD effluents were slightly reduced from
the influent concentrations by 17.1% to 29.95% for TN, 18.12% to 23.16% for NO3-N and 12.92% to 17.31% for SO42-. This may be due to the fact that SO42- and NO3-N reduction and anaerobic decomposition of organic matter by consortia of
microorganisms as they use SO42- and NO3--N as an electron acceptor to decompose
organic compounds (Jeong et al.,2008). Sulfate reduction in the anaerobic digester
could be resulted when sulfate reducing bacteria, which are obligate anaerobes, utilize
sulfate as terminal electron acceptor in anaerobic respiration. The reduction of sulfate
to sulfide could occur as the microorganisms assimilate sulfate through the transfer of
electrons produced by the simultaneous decomposition of the organic compounds
(Aislingand, 2006).
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Figure 24: Nitrogen removal along the integrated treatment system components
On the other hand, as revealed by Table 17 and Figures 24 and 25, the NH4+-N and
S2- concentrations increased in the anaerobic digester effluents in all the study phases
due to the anaerobic microbial process in reducing sulfate to sulfide (Vinkata 2005)
and decomposition of Organic nitrogen to NH4+-N (ammonification) process (Mburu
et al., 2012). Therefore, the concentration of NH4+-N and S2- were increased in the
anaerobic system due to anaerobic decomposition of organic matter to NH4+-N and
the sulfate reduction to sulfide.
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Figure 25: Sulfur removal along the integrated treatment system components
Concerning related studies, the organic matter and nutrient removal efficiencies in the
current study are much better compared to some other studies. For instance, a study
done on the treatment of mixed diary and domestic, wastewater using a two-stage
HSSF CWs system oriented in series resulted a removal efficiency of about 90% for
organic matter (TSS, COD and BOD), 48.5% of TKN and 60.6% of TP (Mantovi et
al. 2003) which all are below the current study results.
Another study done on the treatment of agro-industrial wastewater using CWs
resulted removal of nitrogen and phosphorus with efficiencies, 84.2%, 78.7%, 47.9%
and 72.3% for TKN, NH4 +, TN and TP, respectively (Oirschot, 2015) which are
again lower than the removal efficiencies of the integrated system in the current
study.
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Gorra et al. (2014) reported the performance of a HSSF from a medium-sized cheese
factory which processes 8±4 m3 of milk with climate conditions of mean air
temperature of 12ºC and mean total precipitation of 430 mm. The system consists of a
pretreatment by means of sedimentation tank (45 m3) and a HSSF CW of 200 m2 of
total area and planted with common reed (Phragmites australis) and reported a
removal efficiency of 55%, 55%, 59% and 58% for TN, organic N, NH4+ and TP,
respectively which were far below the removal efficiencies investigated in the current
study using the integrated treatment system. However, high removal of NH4+-N
(99%) from tannery effluents has been reported by Kucuk et al. (2003) for an inlet
concentration of 20 mg/L at a HRT of the CWs was 7 days and was more efficient
than the current research.
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Table 17: Mean values of nutrients along the treatment system in the study phases

Phase 1

Study
Phase

Treatment
System

Wastewater
type

TN
(mg/l)

NO3-N
(mg/l)

NH4+-N
(mg/l)

TP
(mg/l)

Anaerobic
Digester

Influent
Effluent
% Removal
Influent
Effluent
% Removal
Influent
Effluent
% Removal
Influent
Effluent
% Removal
Influent
Effluent
% Removal
Influent
Effluent
% Removal
Influent
Effluent
% Removal
Influent
Effluent
% Removal

565.16±54.91
395.87±18.58
29.95
395.87±18.58
35.10±3.41
91.13
570.40±77.89
421.11±50.36
26.17
421.11±50.36
40.04±5.4
90.49
584.84±61.77
434.84±61.44
17.10
434.84±61.44
38.07±4.02
91.25
585.71±51.14
444.56±89.23
24.10
444.56±89.23
144.96±12.66
67.39

156.28±17.16
120.09±11.42
23.16
120.09±11.42
8.45±0.93
92.96
166.96±19.61
130.67±17.97
21.74
130.67±17.97
5.95±0.70
95.45
132.87±19.49
105.32±16.93
20.73
105.32±16.93
5.95±0.87
94.35
148.99±12.67
121.99±11.08
18.12
121.99±11.08
21.38±1.82
84.47

241.55±39.57
252.19±13.93
(4.40)
252.19±13.93
10.58±1.73
95.80
226.65±12.33
264.68±47.71
(16.78)
264.68±47.71
13.49±0.75
94.90
227.88±20.56
288.31±60.46

152.33±16.75
136.44±21.50
10.43
136.44±21.50
22.49±6.17
83.52
157.60±13.41
135.61±30.20
13.95
135.61±30.20
24.52±7.53
81.92
154.19±12.52
138.26±9.39

(26.52)
288.31±60.46
19.94±1.80
93.08
223.17±26.85
266.04±39.37
(19.21)
266.04±39.37
21.78±2.62
91.81

10.33
138.26±9.39
24.70±10.10

Constructed
Wetland

Phase 2

Anaerobic
Digester
Constructed
Wetland

Phase 3

Anaerobic
Digester
Constructed
Wetland

Phase 4

Anaerobic
Digester
Constructed
Wetland

82.14
151.46±16.45
138.13±25.65
8.80
138.13±25.65
32.98±9.52
76.55

Sulfate
(mg/l)
569.85±58.10
472.41±44.48
17.10
472.41±44.48
100.66±24.75
78.69
574.89±45.17
500.63±58.58
12.92
500.63±58.58
122.46±24.98
75.54
567.31±46.73
485.44±52.92
14.43
485.44±52.92
116.60±70.73
75.98
583.24±36.21
482.27±50.88
17.31
482.27±50.88
172.32±47.23
64.27

Sulfide
(mg/l)
2.02±0.14
12.93±.3.69
(540.1)
12.93±.3.69
0.26±0.02
97.99
2.10±0.15
11.03±1.14
(425.24)
11.03±1.14
0.27±0.01
97.55
2.25±0.53
12.80±1.14
(468.89)
12.80±1.14
0.22±0.05
98.28
2.10±.10
13.12±2.08
(524.76)
13.12±2.08
0.49±0.03
96.27
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4.4

Suitability Assessment of the Effluents for Irrigation

The suitability of water/wastewater for irrigation greatly depends on the climatic conditions,
physical and chemical properties of the soil and water/wastewater, the salt tolerance of the crop
grown and the management practices. Thus, classification of water/wastewater for irrigation will
always be general in nature and applicable under average use conditions (FAO, 2012).
In this study, the suitability of the wastewater effluents of both the digester and constructed
wetland were assessed by comparing with the FAO irrigation guideline and used for field
irrigation experiment on Swiss chard (Beta vulgaries) vegetable.

4.4.1 Characteristics and suitability of the effluents
Many schemes of classification for irrigation water have been proposed. Ayers and Westcot
(1985), under the umbrella of FAO, classified irrigation water/wastewater into three groups
based on salinity, sodicity, toxicity and miscellaneous hazards. These general water quality
classification guidelines help to identify potential crop production problems associated with the
use of conventional water sources. The guidelines are equally applicable to evaluate wastewaters
for irrigation purposes in terms of their chemical constituents, such as dissolved salts, relative
sodium content and toxic ions.
4.4.1.1 Salinity
As shown in Table 18 below, the present study result of TDS values for the anaerobic digester
(AD) and constructed wetland (CW) effluents were 3,853.60±254.15 and 352.16±34.52 mg/L,
respectively. These results shows that the constructed wetland effluents was well below the ‘no
restriction to use value’ in the FAO irrigation water/wastewater guideline signified that the
constructed wetland effluent is suitable for irrigation purpose in terms of TDS is concerned.
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However the TDS value of the anaerobic digester effluent was above the allowable limits of the
FAO irrigation water quality standard.
4.4.1.2 Sodicity (SAR)
Sodicity is the amount of sodium relative to the amount of calcium and magnesium, i.e., sodic
water is water with a high concentration of sodium relative to the concentration of calcium and
magnesium. Sodium hazard is estimated by sodium adsorption ratio (SAR), which is the ratio of
sodium concentration to the square root of the concentration of calcium plus magnesium in either
irrigation water or soil solution (Miller and Gardiner, 2007). Sodium affects soil and plant by
adsorbing on to cation exchange sites of the soil which causes aggregates of some soils to break
down leading to sealing of soil pores and reduction in permeability to water flow. Based on FAO
guideline for irrigation water guideline, water/wastewater with SAR values of 0 to 3 and EC <0.7
dS/m is considered as suitable to use without restriction, but the impact is sever if the EC value >
3 dS/m (FAO, 1985).
As can be inferred from Table 18, the maximum and minimum SAR values of wastewater
sample in this study were 2.69 to and 1.16 showing that both the AD and CWS effluents can be
used for irrigation without any restriction when SAR concerned.
4.4.1.3 Electrical conductivity (EC)
Electrical conductivity of irrigation water/wastewater is directly related to the total dissolved salt
(TDS), or it is one of the salinity hazard estimation methods. The present study result of EC
values of AD and CW effluents were 2.04±0.14 and 0.441.23±0.82 mg/L, respectively. These
results are below the severely restricted value in the FAO irrigation water/wastewater guideline
and hence, both effluent wastewaters are suitable for irrigation purpose in terms of as long as EC
concerned.
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Table 18: Characteristics and suitability of the effluents for irrigation
Parameters

Allowable limit (degree of restriction)
AD effluent

CW effluent

None

Moderate

Sever

2.04±0.14

0.441.23±0.82

<0.7

0.7-3

>3

pH

6.82 ± 0.1.13

6.73±0.28

TDS (mg/L)

3,853±254.15

352.16±34.52

BOD5 (mg/L)

463.52±107.20

78.97±7.12

-

COD (mg/L)

1538.50±111.89

247.64±6.33

-

Sulfate (mg/L)

485.44±52.92

116.60±70.73

-

TP (mg/L)

138.26±9.39

24.70±10.10

-

NH4+-N (mg/L)

288.31±60.46

19.94±1.80

-

NO3-N (mg/L)

105.32±16.93

5.95±0.87

<5

5 - 30

> 30

Cl- (meq/L)

2.65±0.60

1.90±0.1

<4

4 - 10

> 10

HCO-3 (meq/L)

1.36±0.15

0.75±0.13

< 1.5

1.5 - 8.5

> 8.5

SAR

2.69

1.16

0-3 (depends on EC)

TC/100mL

ND

4.3*105±3.3*105

1000

FC/100mL

ND

8.4*103±2.8*103

1000

EC (dS/m)

6.5-8.4 (Normal range)
<450

450-2000

>2000

Reference sources: FAO (1985) and Lazarova & Bahri (2004)

4.4.1.4 Toxicity
The usual toxic ions in irrigation water/wastewater are chloride, sodium and boron. Each can
cause damage, individually or in combination (FAO, 1985). As shown in Table 18, the chloride
-

(C1 ) content of the wastewater effluents were1.9 a meq/l and 2.65 meq/L. The result confirmed
that both of the effluents fulfill the unrestricted use of this wastewater for irrigation in FAO
guideline as only above 3 meq/l value of chloride ion is restricted to use.
In terms of sodium toxicity, as indicated by the SAR value, the wastewater is suitable for
irrigation purpose evidencing both the SAR values of the samples are well below 3 showing that
it can be used without any degree of restriction (Table 18). Referring to the same Table 18
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above, the values of nitrate (NO3-N) in the anaerobic effluent was 5.95±0.87 mg/L and that of
the CW effluent 105.32±16.93mg/L. Based on this result and FOA guideline, the wastewater AD
effluent was unfit for irrigation prior to treatment, but the CW was suitable for irrigation as long
as nitrate concentration is concerned.
The other indicator of toxicity in irrigation water/wastewater is pH. The present study result
shows that the pH values of the AD effluent and CW effluent were 6.82 ± 0.1.13 and 6.73±0.28,
respectively, confirming that both pH values are within the acceptable range or below the
maximum pH value of FAO, 8.4, as the normal pH range for irrigation water/wastewater in the
guideline is from 6.5 to 8.4.
4.4.1.5 Pathogen indicators
The pathogen load of the CW effluent in terms of total coliforms and fecal coliforms was very
high, but not detected in the AD effluent at all. Hence, as shown from Table 18, the CW effluent
exceeded the FAO guideline (1000 MPN/100ml) to use the effluent for unrestricted irrigations of
raw vegetable. Hence, the CW effluent was unsuitable for raw vegetable irrigation prior to
additional treatment (disinfection).

4.4.2 Effect of the effluents on the growth and yield of Swiss chard
The effect of the anaerobic digester (AD) and constructed wetland (CW) effluents on the growth
and yield of Swiss chard was evaluated in terms of plant height, canopy spread, number of
leaves, leaf area and marketable yield on fresh basis.
4.4.2.1 Plant height
As evidenced from Figure 26, the physical mean plant height under the various treatment types
increased from week 2 to week 8 after which the plant height was becoming constant in each
treatment. Up to the 5th week, the plant heights receiving wastewater and inorganic fertilizer
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increased in similar fashion after which the plant heights under the wastewater treatments were a
bite greater

than that of the chemical fertilizer even though not statistically significant

(p=0.915). The slight differences after week 5 in plant height of the wastewater treated ones may
be due to nutrient content and other growth conditions, such as better aeration, moisture regime
contributed by organic matter that accounted for the observed differences (Masirirambi, 2010).
This is coupled with the known beneficial effects of the wastewater as organic fertilizer on
physical and chemical properties (Aliyu, 2000) and their ability to supply macro and trace
elements not contained in the inorganic fertilizers (Mbagwu and Ekwealor, 1990).
In general, the plant height receiving treatments and ranged from 26.00 cm to 22.93 cm was
significantly higher (p<0.05) than that of the control but there was no significant difference in
plant height between treatments (Table 19).
The meant plant growth performances in the current study is better than that of the study done in
Ghana on vegetable growth using organic and in organic fertilizer, including poultry manure who
recorded plant heights of 22.63 cm to 13.67 cm at the end of the study (Kortei and Quansah,
2016).
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Figure 26: Plant height (cm) of Swiss chard receiving various treatments
4.4.2.2 Leaf area and number
The evaluation of mean leaf area per plant, as shown in Table 19, proved that plants treated
under wastewater effluents and inorganic fertilizer had greater leaf area than the control. Hence,
significance difference (p<0.05) was observed in leaf area between the plants under various
treatment and the control. However, there was no significant difference (p=0.083) in leaf area
between CW effluent, AD effluent and inorganic fertilizer treated plants. In general, the leaf
areas of the effluent treated plants (both CW and AD) were greater than three times that of the
control. With similar trend observed in plant height, the increase in leaf area of the plants
receiving wastewater and inorganic fertilizer was homogenous up to the 5th week after which the
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leaf areas under wastewater treatments were a bite greater than that of the chemical fertilizer
even though not statistically significant (Figure 27).
Xu et al. (2005), in a study on yield and quality of leafy vegetables grown with organic fertilizers
showed that vegetables grown with organic fertilizers grew better and resulted in a higher total
yield than those grown with chemical fertilizers. Therefore, this research confirmed that
vegetables grown with slaughterhouse wastewater effluent from the constructed wetland and
anaerobic digester used as organic fertilizers showed higher growth and yield than those grown
with the control and slightly higher than that of inorganic fertilizer.
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Figure 27: Leaf area (cm2) per plant of Swiss chard treatments and control
Concerning the number of leaves per plant, there was again no significant difference
(0.107<p<0.254) within and between treatment groups. However, the number of leaves in the
AD, CW and inorganic fertilizer treated plants were significantly (p<0.05) higher than that of the

120

control. This observation could be attributed to better supply of nitrogen nutrients from the
wastewater which enhanced the leaf number growth conditions of Swiss chard comparable with
that of the chemical fertilizer.
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Figure 28: Number of leaves per plant of Swiss chard for treatments and control
4.4.2.3 Plant canopy spread
The mean canopy spread per plant (Figure 29) during the study period was decreasing in the
order of AD effluent>CW effluent>In. fertilizer>Control. The AD effluent treated plants had the
highest canopy among the treatments, although no significance difference was observed with the
mean canopy of plants under CW effluent and inorganic fertilizer. The control had the least
canopy spread with mean value at the end of the 9th week was 16.75±1.72 which was
significantly different (p<0.05) with that of AD and CW effluents treated plants. However, there
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was no significance difference (p=0.098) between canopy spread of the plants in the control and
inorganic fertilizer.
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Figure 29: Number of leaves per plant of Swiss chard for treatments and control
The higher canopy spread of plants treated under the AD and CW effluents could be attributed to
the large quantities of available phosphorus in the slaughterhouse wastewater which is supported
by Kortei and Quansah (2016) who reported that canopy spread of leafy vegetable treated under
organic fertilizer, including chicken manure, was higher than that of plants treated under
inorganic fertilizer due to the high amount of phosphorous.
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Table 19: Mean values of parameters for the effect of effluents on the growth and yield of Swiss
chard

Treatment
Parameters

CW effluent

AD effluent

In. fertilizer

Control

SEM

p-value

Plant height (cm)

25.38±6.45a

26.00±5.37a

22.93±6.50 a

12.23±2.26b

1.87

0.01

Canopy spread (cm)

34.83±5.59a

37.65±9.15a

29.43±6.42ab

16.75±1.72bc

2.51

0.00

Leaf area (cm2)

328.01±48.84b

326.04±50.36b

291.60±75.84b

109.27±19.97c

26.13

0.00

Number of leaves

12.75±1.89c

13.25±1.26c

13.5±1.73c

9.50±1.29d

0.54

0.01

Marketable yield per
plant (g)

243.31±35.59a

259.68±24.37a

239.36±44.30a

81.98±26.00b

20.10

0.00

a b c d = Means within a row with different superscripts are significantly different; In.= Inorganic,
SEM=Standard error mean

4.4.2.4 Marketable yield
The ultimate goal of improving the growth of plant, such as plant height, number of leaves, leaf
area and canopy in leafy vegetable is to harvest better marketable yield at the end of the
cultivation period.
At the end of the 9th week, fresh biomass analysis of plants in each treatment blocks were carried
out and confirmed that there was no significant difference (0.105<p<0.525) in marketable yield
(wet biomass) of Swiss chard among and within the treatment groups of chemical fertilizer and
both of the effluents (Table 19). However, the marketable yields of Swiss chard in the treatment
groups were significantly higher (p<0.05) than that of the control. As shown by Figure 30, better
marketable yield was observed in the effluent irrigated plants than that of the inorganic fertilizer.
This might attribute to better supply of phosphorous and nitrogen nutrients from the wastewater
suitably available to plants which enhanced the growth and yield of Swiss chard better than or
comparable with that of the chemical fertilizer.
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Figure 30: Mean values of marketable yield
The suitability of the slaughter wastewater (both the AD and CW effluents) and its
enhancement in the current study is better than a study done by Taddesse et al. (2016). In
this research, it was rreported that irrigation of Swiss chard using constructed wetland
effluents of tannery wastewater inhibited its growth resulting significantly lower
marketable yield compared to the control due to the fact that the heavy metal in the
tannery wastewater effluent affected the growth and yield of the vegetable. Hence, it is
suggested that slaughterhouse wastewater effluents of both AD and CW, with
recommended disinfection of pathogens, are suitable for irrigating Swiss chard as it
enhanced the growth and yield of the vegetable (Figure 30 and Table 19).
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5. CONCLUSIONS AND RECOMMENDATIONS
5.1

Conclusions

Slaughterhouse wastewater is among the most polluting agro-industrial sectors in Ethiopia due to
the high growth rate and associated discharge of untreated wastewater to the environment
(Abrham and Tenalem, 2015). As a developing country, installing high rate wastewater treatment
technologies in Ethiopia in every agro-industry are inappropriate and inefficient due to its cost
and highly skilled manpower requirement. Hence, assessment and evaluation of a cost effective,
sustainable and cheaper technologies by researchers is a matter of urgency in Ethiopia. An
integrated system of anaerobic digester and constructed wetland as wastewater treatment
technology was developed as an alternative treatment method for high strength slaughterhouse
wastewater and evaluated at pilot scale level. The evaluation results showed that the
performances of the pilot scale integrated treatment system was high and efficient in producing
biogas and treating the complex and high strength slaughterhouse wastewater.
As a result, evaluating the performance of the pilot scale anaerobic digester at the OLRs of 0.32,
0.51, 1.16 and 2.31 kgCODm−3day−1 with corresponding HRTs of 22, 14, 6 and 3 days
respectively, under mesophilic environmental condition (29.6±1.40 °C), proved that the COD
removal eﬃciencies and methane yield were in the range from 43.39 to 84.54% and 0.09±0.03 to
0.22±0.02

m3/kg

CODremoved,

with

the

maximum

volumetric

methane

production

(0.93±0.17m3/day) was achieved at the OLR of 1.16 kg m−3d−1 corresponding to an optimum
methane yield of 0.20 m3 CH4 per kg CODremoved.
In terms of treatability of the slaughterhouse wastewater, the study revealed that the removal
efficiency of the integrated treatment system achieved highest removal efficiencies (ranged
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between 78.4 and 99.78%) for priority pollutants from physico-chemical and biological
constitutes of the wastewater.
The irrigation suitability study of the wastewater revealed that both the anaerobic digestion
process and constructed wetland effluents treated Swiss chard vegetable performed better than
the control and better or comparable with that of the commercial inorganic fertilizer treated ones.
In general, it can be concluded that the current pilot scale integrated treatment system of
anaerobic digester and constructed wetland performed better in treating slaughterhouse
wastewater than the conventional treatment systems in that it was more efficient in pollutant
removal (78.4 to 99.98 %), did not produce secondary pollutants (chemical sludge), saves energy
and chemical costs and is an environmentally friendly approach.

5.2

Recommendations

Based on the study result and conclusions drawn from the result of investigating the biogas
production potential and treatability of slaughterhouse wastewater through integration of
anaerobic digester and constructed wetland system at pilot scale level, the following
recommendations were made:
 Additional treatment (disinfection) should be carried out to decrease the load of total
coliforms and fecal coliforms before its usage for irrigation, particularly for uncooked
vegetables.
 Further research is required on the dynamics and structure of the microbial community in
the integrated treatment system components using molecular techniques to better
understand linkages between the process performance and microbial community structure
of both the AD system and the CWs.
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 National wastewater guidelines shall be prepared by the concerned bodies (Ministry of
Water, Irrigation and Electricity, Ministry of Environment, forestry and Climate Change
or Ministry of Agriculture and Livestock) to reclaim the wastewater for different
purposes in a proper and legal manner.
 The wastewater reuse trial should be done using vegetables other than Swiss chard
 There should be a continuous monitoring of the treated effluent before using for irrigation
or discharging in to the river
 Further research, particularly on the occupational health and safety of farmers using the
effluent for irrigation, needs to be done.
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APPENDIXES
Appendix Table 1: Average Characteristics of the slaughterhouse Wastewater (Integrated System Influent)
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2977.93

435.1

229.8

149.8

588.7

2.21

1722.5

172.3

698

1.23

20127.5

3908798

140097

2

7.33

29.54

1859.15

4374.85

7019.15

2835.35

3488.63

578.4

226.65

175.12

576.3

2.02

1523.8

165.28

654

2.04

22345.6

1900967

291123

3

7.13

28.55

1825.23

4201.56

7039.2

2799.4

2818.06

654.8

217.3

149.87

487.87

1.77

1678.3

132.54

598

1.87

27764.45

19500879

4501245

3

7.22

29.75

1937.25

4035

7192.4

3117.98

3143.57

605

199.8

142.59

599.7

2.1

1623.2

122.44

754

1.98

23127.25

32009676

4904134

3

6.87

27.89

1699.45

4920.76

6835

2695.24

3659.76

599.6

254.35

175.49

603.21

2.9

1799.7

112.3

678

1.5

24365.34

29123376

2900650

3

7.21

30.93

2012.14

4311.45

6753

2878.32

3028.68

486.35

231.23

149.76

576.3

2.71

1720.3

164.3

697

2.09

22347.76

2919345

1902356

3

7.25

29.54

1878.98

4294.95

7059.23

2798.05

3227.48

578.44

236.7

153.25

569.45

1.78

1595.75

132.76

765

1.75

19645.9

4151246

3985783

4

7.32

30.75

1745.6

4012.14

7106.2

3091.98

2697.22

633.98

234.6

129.09

532.12

2.1

1705.4

132.98

695

1.98

23065.43

49023456

2919860

4

7.05

29.97

1995.4

4142.1

6809

3123.47

3751.76

609.43

209.87

139.09

632.33

1.95

1524.5

165.34

734

2.05

21987.23

29001237

4159976

4

6.99

31.5

1725.3

5014.67

7035

2624.56

3968.42

587.06

265.07

167.05

579.98

2.15

1621.3

145.7

679

1.98

24126.87

19010912

4900876

4

7.12

28.76

2017.2

4325.3

6753

2945.67

2492.14

499.65

206.34

159.87

576.09

2.21

1695.95

143.29

654

1.87

21644.23

3985783

290912

4

7.65

27.9

1735.6

4464.77

7009.75

2717.97

3406.59

598.43

199.97

162.18

595.9

2.1

1623.67

157.65

721

1.98

23876.98

1999987

190980
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Appendix Table 2: Average Characteristics of the AD Effluent (CW Influent) Wastewater
Phase
1
1
1
1
1
2
2
2
2
2
3
3
3
3
3
4
4
4
4
4

BOD5
438.41
579.46
471.05
243.52
209.08
597.83
610.58
471.05
243.52
209.08
383.35
610.58
371.05
543.52
409.08
1346.47
1460.92
2169.35
1956.33
2019.41

COD
1077.98
1087.75
953.23
1153.01
1046.72
1200.42
1212.42
1227.87
1314.83
1149.93
1557.07
1381.80
1648.60
1472.96
1632.09
4185.55
3949.02
3918.50
3626.36
3979.44

TSS
550.63
431.10
485.41
398.28
466.36
489.89
497.65
399.76
543.75
603.65
662.62
610.19
615.86
603.87
718.26
1704.92
1671.06
1566.21
1895.24
1676.17

TN
392.51
415.72
383.91
413.88
373.33
450.28
453.24
406.15
338.94
456.94
397.34
415.72
543.91
413.88
403.33
412.54
425.87
382.98
601.65
399.76

NH+4
245.75
272.87
242.83
259.93
239.58
299.51
294.51
251.21
186.60
291.59
276.77
256.98
395.31
255.63
256.88
269.86
264.81
221.37
327.71
246.44

NO-3
131.40
127.64
102.48
123.09
115.88
137.46
149.67
102.04
137.62
126.57
107.72
94.98
88.91
132.80
102.21
105.45
135.13
124.28
118.11
126.96

TP
117.57
123.42
172.66
133.35
135.22
117.99
129.12
167.39
123.72
139.82
134.36
134.75
154.34
130.26
137.91
154.93
108.90
172.66
121.66
132.52

SO2-4
404.32
492.47
489.60
520.26
455.42
485.70
592.47
449.28
520.26
455.42
497.30
533.45
475.93
521.08
399.45
487.32
532.12
399.54
513.70
478.69

S215.96
7.31
12.10
16.54
12.73
13.06
9.05
8.10
13.20
11.72
11.98
12.21
13.19
14.63
11.99
14.97
11.05
12.10
11.75
15.72

DO
2.40
2.90
3.05
2.87
3.01
2.34
3.01
2.53
2.95
3.32
3.20
2.93
3.01
2.55
2.32
2.05
1.99
2.12
1.78
2.65
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Appendix Table 3: Average Performance and stability factors of the AD
Phase 1 and 2
Phase

pH

Alk

VFA

Phase 1 and 2

VFA/Alk

Biogas

CH4

Phase

pH

Alk

VFA

VFA/Alk

Biogas

CH4

1

7.2

1584.05

190.086

0.12

0.4121

0.2998

3

7.4

2129.28

660.0768

0.31

0.7350

0.5135

1

7.15

1987.3

516.698

0.26

0.4212

0.3065

3

6.5

1828.97

676.7189

0.37

0.7490

0.5233

1

6.2

2123.76

679.6032

0.32

0.3744

0.2724

3

5.3

2019.29

848.1018

0.42

0.8010

0.5596

1

5.9

1809.13

687.4694

0.38

0.3883

0.2825

3

4.9

1938.91

988.8441

0.51

0.8320

0.5812

1

6.13

2232.54

647.4366

0.29

0.4372

0.3181

3

5.1

2078.65

810.6735

0.39

0.8884

0.6206

1

6.71

2113.24

570.5748

0.27

0.4258

0.3098

3

5.5

2027.39

648.7648

0.32

0.8769

0.6126

1

6.9

2055.87

493.4088

0.24

0.4360

0.3172

3

6.3

2105.98

568.6146

0.27

0.9930

0.6937

1

7.3

2235.76

380.0792

0.17

0.3452

0.2512

3

6.7

1989.75

477.54

0.24

0.9309

0.6503

1

8

1906.34

400.3314

0.21

0.4099

0.2982

3

8.2

2315.81

324.2134

0.14

0.9769

0.6824

1

7.7

2215.21

376.5857

0.17

0.4554

0.3313

3

7.8

2218.65

377.1705

0.17

1.1400

0.7964

1

7.5

2417.14

362.571

0.15

0.4326

0.3147

3

7.3

1987.25

357.705

0.18

1.2300

0.8593

1

7.3

2305.78

299.7514

0.13

0.4299

0.3127

3

7.7

2017.74

322.8384

0.16

1.3400

0.9361

1

7.5

2315.23

324.1322

0.14

0.3968

0.2886

3

7.5

2135.98

363.1166

0.17

1.3081

0.9139

1

7.1

2119.28

339.0848

0.16

0.3809

0.2771

4

7.4

2119.23

678.1536

0.32

1.4681

1.0256

2

6.1

1936.54

561.5966

0.29

0.4404

0.3128

4

6.2

1739.79

956.8845

0.55

1.3584

0.7986

2

5.6

1725.75

759.33

0.44

0.4490

0.3189

4

5.1

1897.87

986.8924

0.52

1.2348

0.7259

2

5.1

1717.25

704.0725

0.41

0.5025

0.3569

4

4.7

2018.97

1271.9511

0.63

1.2068

0.7095

2

6.1

1935.25

754.7475

0.39

0.5340

0.3793

4

5.5

1916.78

977.5578

0.51

1.3031

0.7661

2

6.7

2015.37

644.9184

0.32

0.5990

0.4255

4

5.3

2227.35

1536.8715

0.69

1.2354

0.7263

2

6.9

2117.54

529.385

0.25

0.6080

0.4319

4

4.9

2115.87

1523.4264

0.72

1.0919

0.6419

2

7.1

1987.5

437.25

0.22

0.6120

0.4281

4

4.4

1985.56

1211.1916

0.61

1.1963

0.7033

2

7.3

2097.54

377.5572

0.18

0.6340

0.4435

4

4.1

2219.25

1309.3575

0.59

1.0105

0.5031

2

8.2

2125.5

361.335

0.17

0.5991

0.4191

4

5.3

2132.67

1428.8889

0.67

0.9950

0.4954

2

7.5

1878.94

394.5774

0.21

0.6450

0.4512

4

4.7

1815.65

1289.1115

0.71

1.0900

0.5427

2

7.3

2019.4

403.88

0.2

0.5947

0.4160

2

7.7

2217.34

399.1212

0.18

0.6466

0.4523
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Appendix Table 4: Average Characteristics of the CW (Integrated System) Effluent
Pha
se

PH

tem

EC

BOD5

COD

TSS

TDS

TN

1

7.70

21.20

368.13

59.86

209.73

79.04

326.53

37.40

1

7.30

19.80

407.88

77.25

200.86

89.07

405.99

1

7.10

22.70

301.68

65.84

221.99

68.92

374.52

1

8.10

20.40

314.50

57.66

199.21

80.71

1

7.80

23.35

320.15

81.13

207.95

2

6.70

20.50

314.67

85.59

2

7.00

25.80

325.23

2

6.51

17.20

2

6.45

2

NH+4

TP

SO-24

S2-

NO-3

Tur

DO

Col

TC

FC

9.43

23.90

87.22

0.24

9.48

15.16

6.54

161.20

3820.23

32.08

8.69

16.28

75.58

0.27

8.91

15.75

5.65

152.36

62408.77

290.75

38.03

12.95

32.25

91.76

0.25

6.97

16.38

6.43

120.72

58111.66

1900.90

241.00

30.75

10.13

18.54

139.09

0.29

8.46

20.90

6.24

166.46

5689.42

390.98

79.43

337.01

37.22

11.71

21.49

109.66

0.26

8.45

18.75

7.32

141.91

80944.25

1900.98

234.83

76.30

418.35

43.16

13.41

22.87

92.75

0.25

6.70

22.46

6.54

204.46

9867.89

236.58

78.37

224.44

81.87

341.79

44.05

12.41

29.95

124.99

0.29

6.24

22.82

5.99

219.86

5831.41

202.66

430.57

67.27

240.34

73.56

446.18

41.85

14.46

23.34

115.85

0.25

4.82

24.00

6.05

203.58

38207.61

393.10

22.45

391.46

83.80

222.72

80.78

293.92

30.54

13.67

32.97

154.01

0.28

6.15

22.82

6.45

207.31

78566.84

156.91

7.10

22.54

390.42

73.31

228.12

79.11

344.33

40.60

13.49

13.47

124.70

0.25

5.90

21.39

5.75

230.16

3

6.40

18.55

383.30

72.02

249.89

79.50

312.52

42.63

19.01

13.57

110.49

0.18

5.94

26.07

6.32

291.53

3

6.70

21.75

406.82

79.39

255.33

88.55

348.62

39.39

17.48

25.35

212.89

0.21

5.49

32.87

5.75

242.84

326.06
10352.8
6
11279.5
1

3

7.10

19.89

390.87

89.21

242.64

76.54

405.87

39.03

22.26

15.35

112.97

0.29

5.03

29.56

7.01

255.84

38209.44
473871.3
6
777835.1
3
707698.0
4

3

6.89

25.93

442.67

81.74

239.73

81.74

335.88

31.66

20.23

34.57

14.39

0.27

7.36

30.39

6.57

234.65

4375.42

3

6.55

16.54

582.48

72.52

250.60

79.46

357.93

37.66

20.71

34.67

132.24

0.18

5.95

33.35

5.89

206.28

4

6.30

17.75

628.42

962.31

2295.30

1073.54

1075.92

156.91

22.90

45.60

147.73

0.49

19.08

239.91

4.65

5055.94

4

6.70

22.97

858.02

952.68

2199.31

1084.47

1496.58

150.83

20.48

21.58

256.72

0.45

23.73

253.38

5.23

4819.60

4

5.10

23.50

655.61

952.79

2272.31

911.25

1583.00

145.30

25.87

36.30

152.02

0.50

20.91

234.39

4.34

5288.61

4

6.60

18.76

706.02

1208.31

2181.22

1022.74

994.11

123.66

20.14

25.60

151.68

0.51

20.56

225.76

5.03

4744.42

4

6.30

21.90

692.16

1071.54

2264.15

943.68

1358.89

148.11

19.52

35.83

153.45

0.49

22.62

248.89

4.32

5233.83

70940.08
100875.2
8
1482959
5.44
8772874.
19
5750800.
88
1205699.
36
604996.0
7
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490.99

6671.50

9167.30
671567.
80
956794.
48
112720
1.48
66909.7
6
43925.4
0

Appendix Table 5: Average Performance of Swiss chard under different wastewater effluents

A. Plant Height (cm)
Weeks
S/N

1

2

3

4

Treatment

CW effluent

AD effluent

Chemical fertilizer

Control

Replications

1

2

3

4

5

6

7

8

CWE1

7.9

9.6

12.4

16.5

23.6

28.2

28.6

29.2

CWE2

6.3

7.8

10.1

13.4

16.1

18.5

20.5

20.9

CWE3

5.9

6.1

8.3

10.5

12.9

15.7

18.7

19.0

CWE4

7.9

9.6

12.4

15.3

19.8

31.7

32.4

32.4

ADE1

7.0

8.5

11.0

12.4

17.4

21.1

26.0

26.1

ADE2

6.2

8.4

11.1

13.2

15.4

17.3

18.5

19.0

ADE3

7.7

9.3

12.1

14.9

19.5

22.3

26.5

26.6

ADE4

8.5

10.3

13.4

17.8

21.3

24.7

29.4

32.1

CF1

5.0

6.1

7.9

9.7

12.8

16.9

18.3

18.9

CF2

6.0

7.3

9.4

11.6

14.1

15.7

16.2

16.8

CF3

8.2

9.9

12.5

16.6

18.5

22.2

24.4

24.7

CF4

8.7

10.5

13.7

16.8

20.2

24.5

27.7

31.3

Crl1

4.3

5.2

6.8

7.6

9.0

10.9

11.2

11.7

Crl2

5.7

6.9

9.0

10.1

11.9

14.5

14.9

15.5

Crl3

2.9

3.5

4.6

6.1

7.9

9.5

9.9

10.2

Crl4

4.2

5.1

6.6

8.1

10.2

10.4

11.7

11.7

B. Canopy Spread (cm)
Weeks
S/N

1

2

3

4

Treatment

CW effluent

AD effluent

Chemical fertilizer

Control

Replications

1

2

3

4

5

6

7

8

CWE1

10.5

13.4

17.3

21.4

25.5

27.3

27.9

28.5

CWE2

11.5

15.1

19.6

27.3

32.5

33.2

33.9

37.0

CWE3

9.3

12.2

15.9

22.1

28.5

29.1

29.7

32.4

CWE4

12.4

15.3

18.6

24.0

30.6

37.1

40.5

41.4

ADE1

13.2

17.0

23.0

27.8

34.6

35.3

35.6

36.0

ADE2

9.5

12.3

16.6

20.1

24.9

25.5

25.7

26.0

ADE3

13.7

17.4

22.5

27.9

31.5

36.6

37.4

40.8

ADE4

13.4

16.7

22.1

28.6

35.8

39.0

42.6

47.8

CF1

10.0

12.9

17.1

21.0

28.2

28.7

29.0

29.9

CF2

9.4

12.1

16.0

19.7

22.5

23.0

23.2

24.0

CF3

14.0

17.0

22.0

27.2

33.7

36.9

37.6

38.3

CF4

9.0

11.3

13.6

17.9

19.2

23.3

24.9

25.5

Crl1

6.9

8.4

10.7

14.1

16.7

18.1

18.3

18.5

Crl2

8.0

9.7

12.4

12.6

16.2

17.5

17.7

17.9

Crl3

5.7

6.8

8.5

10.6

12.7

14.4

14.7

14.9

Crl4

5.7

6.9

7.7

9.2

12.9

15.4

15.6

15.7
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C. Leaf Area (cm2)
Weeks
S/N

1

2

3

4

Treatment

CW effluent

AD effluent

Chemical
fertilizer

Control

Replications

1

2

3

4

5

6

7

8

CWE1

21.00

31.86

52.47

96.91

186.07

232.02

277.73

332.45

CWE2

19.00

31.29

54.67

90.04

168.82

205.46

235.66

270.30

CWE3

22.50

37.06

64.74

106.63

199.92

243.31

279.07

320.10

CWE4

27.33

42.01

69.51

121.43

225.24

303.40

378.34

389.20

ADE1

21.71

30.39

47.02

82.14

164.29

221.29

298.08

401.52

ADE2

29.12

39.22

60.68

106.01

202.69

252.75

276.69

302.89

ADE3

29.00

39.06

60.43

105.57

201.85

251.71

275.55

301.64

ADE4

31.12

40.29

62.33

108.89

186.46

251.17

288.09

298.09

CF1

35.32

46.44

71.84

125.50

237.45

319.85

366.86

379.59

CF2

23.80

23.80

36.82

64.32

121.70

163.94

188.03

194.56

CF3

32.59

47.16

72.95

112.86

186.55

251.29

288.23

290.96

CF4

37.12

50.00

77.35

135.13

210.81

274.30

300.28

301.32

Crl1

19.16

23.66

29.68

51.85

59.05

67.00

76.85

79.52

Crl2

13.30

15.10

23.36

40.81

76.31

102.79

117.91

122.00

Crl3

15.78

19.68

26.51

46.31

88.35

99.79

101.26

116.14

Crl4

18.1

24.4

30.6

53.4

74.3

84.4

95.7

119.4

D. Number of Leaves
Weeks
S/N

1

2

3

4

Treatment

CW effluent

AD effluent

Chemical
fertilizer

Control

Replications

Week 1

Week 2

Week3

Week 4

Week 5

Week 6

Week 7

Week 8

CWE1

5

7

8

10

12

14

14

14

CWE2

3

5

6

8

9

10

10

10

CWE3

4

5

7

9

11

12

13

13

CWE4

5

6

7

10

11

12

14

14

ADE1

4

5

6

9

10

11

12

12

ADE2

5

6

8

9

10

12

13

13

ADE3

4

6

7

9

12

14

14

15

ADE4

5

6

8

9

11

12

13

13

CF1

6

7

8

10

13

15

16

16

CF2

3

5

6

7

9

11

12

12

CF3

4

6

7

9

12

13

13

13

CF4

5

7

9

10

11

13

13

13

Crl1

3

5

6

8

10

11

11

11

Crl2

2

3

5

6

8

9

10

10

Crl3

2

3

5

6

8

9

9

9

Crl4

3

5

6

7

8

8

8

8
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E. Marketable Yield

S/N

Treatment

1

CW effluent

2

AD effluent

3

Chemical
fertilizer

4

Control

Replication
CWE1
CWE2
CWE3
CWE4
ADE1
ADE2
ADE3
ADE4
CF1
CF2
CF3
CF4
Crl1
Crl2
Crl3
Crl4

Leafy marketable yield
(g/P)
250.5
281.6
195.6
245.54
249.8
255.5
294.7
238.7
216.87
187.9
276.8
275.87
87.3
115.7
57.5
65.75
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Publication Issues
 Zemene Worku, Seyoum Leta. Anaerobic Digestion of Slaughterhouse Wastewater for
Methane Recovery and Treatability. International Journal of Sustainable and Green
Energy, 6(5): 84-92, doi: 10.11648/j.ijrse.20170605.13 (Published).
 Treatability Study of Slaughterhouse Wastewater through Integration of Anaerobic
Digester and Constructed Wetland. International Journal of Environmental Research
(Submitted)
 Anaerobic Treatment of Slaughterhouse Wastewater: Evaluation of the Bioenergy
Production Potential and Digester Stability. International journal of Energy and
Environmental Engineering (submitted)
 One Published Proceeding (World Water Day, 2017)
 One Abstract Published (Ministry of Water, Irrigation and Electricity Annual Proceeding,
2016)
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