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Abstract

Environmentally friendly way of handling industrial effluents is the most important concept

for industries direct and/or indirect contribution of a country’s sustainable development. In
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order to achieve such goals biological processes play the major role. This study was also

initiated to evaluate the treatment performance of a laboratory scale anaerobic/anoxic/aerobic

(A/A/A) bioprocess system for the removal of phosphorous from brewery wastewater. For

this purpose the treatment plant was fed with raw brewery wastewater collected from St.

George Beer Factory at three different organic loading rates (OLR) (0.5, 0.75 and 1 kg

COD/m3 day). The set-up was inoculated with sludge biomass obtained from the oxidation

ponds of Meta Abo Beer Factory. And the treatment performance of the set-up was evaluated

using the parameters PO4-3, TN, NH4+-N, NO3--N, COD, BOD5 and pH concentrations. The

results showed that brewery wastewater used in this study was medium to high strength

wastewater with COD, BOD5, PO4-3, TN,NH4+-N and NO3- -N values ranging from 1860-

3880, 484-636, 31.9-121.7, 44-78, 12.2-54.2 and 13-36 in mg/l, respectively. The set-up used

was able to achieve 80.0, 78.9 and 66.8 % removal of PO4-3, 69.7, 67.6 and 54.0 % removal

of TN, 95.67, 93.8 and 87.9 % removal of NH4+-N and 51.1, 46.5 and 44.3 % removal of

NO3- -N at 0.5, 0.75 and 1 kg COD/m3 day of OLRs, respectively. In addition to these the

bioprocess gave 97.2, 96.5 and 95.6 % removal efficiencies for COD and 92.8, 91.7 and 89.3

% removal efficiencies for BOD5 at OLRs of 0.5, 0.75 and 1 kg COD/m3 day, respectively.

The laboratory scale treatment plant performed well and gave maximum removal efficiencies

at organic loading rate of 0.5 kg COD/m3day where TP (PO4-3), TN, NH4+-N, NO3--N, COD

and BOD5 concentrations decreased from 54.9, 71, 39, 36, 2240 and 636 mg/l to 11.0, 21.5,

1.7, 17.6, 62 and 46 mg/l, respectively. There was a correspondence observed between the

maximum removal efficiency of the set-up and the increase in biomass concentration of the

system. The results of this study indicated the possibility of handling brewery wastewater

biologically in an environmentally friendly manner using A/A/A biological nutrient removal

configuration.

1. Introduction

Industry is sustained by the extraction and processing of natural resources as raw materials.

These same raw materials find their way into the environment in different forms as finished

and waste products. Although the finished products are used for different activities, the waste
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products become a burden to the environment. This means that although industrialization is

considered as the corner stone of the development strategies due to its significant contribution

to the economic growth and hence human welfare, it may lead to serious environmental

degradation (EEPA, 2006).

Environmental problem in Ethiopia is not only related to the emergence of industries but also

related to the population increase as well as to limited awareness of citizens about the

environment. However, the different manufactures operating in the country also contribute to

polluting the environment. In Ethiopia, the large and medium scale-manufacturing sub-sector

is dominated by four consumer goods producing industrial groups, i.e., food and beverage,

chemical, textile and leather and shoe groups (EEPA, 2006). These are the main industrial

sectors that contribute to the national and local economic activities in the country.

Among the beverage sub-sector today, beer brewing industry is a huge global business,

consisting of several multinational companies and many thousands of smaller producers

ranging from brewpubs to regional breweries. Beer is the fifth most consumed beverage in

the world behind tea, carbonates, milk and coffee and it continues to be a popular drink with

an average consumption of 23 liters/person per year (Fillaudeau et al., 2005). Nowadays, in

low and middle-income countries, the main developments have been shifts from consumption

of unrecorded, locally produced beer to commercial, regional brands (ICAP, 2006). Generally,

in the East African Community region, Kenya leads with beer production followed by

Tanzania and Uganda (EPZA– Kenya, 2005). Ethiopia also possesses breweries most of

which are expanding in terms of both the technology they use as well as their size. These

include St. George Brewery, Harrar Brewery, Bedele Brewery, Dashen Brewery, Meta Abo

Brewery and others (Epa, 2003). The expansion of these breweries is in line with the increase

in the consumption of beer in the country.

Beer is a low alcohol content beverage produced by fermenting sugars extracted from various

types of cereals (World Bank, 1997; IFC, 2007). Barley, wheat, maize and other grains can be

used but barley predominates (World Bank, 1997). The raw materials for beer generally

include malt of cereal, adjuncts, hops, water and yeast (The Breweries of Europe, 2002;

Galitsky et al., 2003). Brewing is intrinsically a water intensive industry (Fillaudeau et al.,

2005; Kanagachandran and Jayaratne, 2006). Commonly available best practice technologies
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still require in excess of four liters of raw water for every liter of beer produced (Genner,

1988; Galitsky et al., 2003; Fillaudeau et al., 2005; UNEP, 2007). Water consumption and

specific use (hl water / hl beer) varies greatly between individual breweries in different

countries. According to UNEP (2007), the specific water use ranges from 7.2 to 9.0 hl/hl in

Uganda (2 companies), 7.4 to 9.5 hl/hl in Ghana (4 companies) and 9.0 to 22 hl/hl in Ethiopia

(5 companies). The high amount of water demand, in turn, brings high amount of process

wastewater.

Wastewater generated from industrial activities such as breweries is the main threat to the

surface and ground water qualities. The main brewery effluent sources include losses during

bottle filling, cleaning (of returned bottles, fermentation and conditioning tank, vat and floors)

and draining out tank bottoms (Yu and Gu, 1996; Driessen and Vereijken, 2003). Untreated

brewery effluents typically contain suspended solids (200-1000 mg/l), biochemical oxygen

demand (BOD) (1,200–3,600 mg/l), chemical oxygen demand (COD) (2,000 – 6,000 mg/l),

nitrogen (N) (25 – 80 mg/l), phosphorus (P) (10 – 50 mg/l), temperature in the range of 18-40
0C and pH value in between 3-12 (Driessen and Vereijken, 2003; IFC, 2007).

The high organic content of brewery effluent classifies it as a very high strength waste

(Schwartz et al., 1971; Kanagachandran and Jayaratne, 2006). This means that the

brewery effluent cannot simply be discharged into sewers or watercourses (Huei, 2005)

which can bring about a rapid deterioration of the physical, chemical and

biological qualities of the receiving water bodies (The Breweries of Europe,

2002; Parawira et al., 2005; Al-Rekabi1 et al., 2007).

The decomposition of the organic matter depletes the dissolved oxygen in

the water that is vital for aquatic life. Release of nitrogenous and

phosphorous compounds in the wastewater also stimulates aquatic plant

growth contributing to eutrophication of water bodies. Furthermore
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turbidity and colour reduces the penetration of light which, in turn,

affects photosynthesis thereby affecting the primary link in the food

chain. Therefore, the removal of organic compounds from the wastewater

is important to avoid anaerobic conditions in the receiving waters.

Nutrients like nitrogen (N) and phosphorous (P) should also be removed

to avoid algal blooms that disturb the ecosystem of the receiving waters

(Driessen and Vereijken, 2003).

Nowadays, the general concern for natural water resources and the environment is growing.

And the realization of the consequence of uncontrolled waste disposal in many parts of the

country has forced the government of Ethiopia to formulate regulations and standards for

discharge limits (GOE, 2002; EEPA, 2003). These have resulted in an increasing interest and

development of methods and systems by which wastewater can be handled in an

environmentally benign manner. Therefore, the need of technologies for environmentally

friendly and cost-effective treatment of wastewaters is palpable.

Phosphorous is the nutrient which has a variety of ecological and environmental effects.

Phosphorous compounds, together with nitrogen, cause aesthetic

disturbances, odors and environmental hazards. In order to minimize the

environmental problems associated with phosphorous in wastewater it is

imperative to find ways and means of decreasing it before discharging

phosphorous rich wastewater into surface waters.

Thus, the focus of this study was on the nutrient removal of phosphorous

from wastewater that severely affects the ecosystem of receiving water
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bodies. Phosphorus removal from wastewater is possible by both biological and chemical

processes (Jeyanayagam, 2005; Tanyi, 2006). In both cases the removal process involves the

incorporation of phosphate into total suspended solids (TSS) and the subsequent removal

from these solids (Lenntech, 2008). Phosphorous removal is currently achieved largely by

chemical precipitation, which is expensive due to the high chemical costs and high sludge

volume.

On the other hand phosphorus is a nutrient used by living organisms for growth. Thus, this

natural process can be taken as an advantage to remove phosphorous using microorganisms.

Further, biological treatment has proved to be a cost-effective viable method for handling

several industrial wastewaters utilizing consortia of heterogenous microorganisms for

degrading pollutants (Chakraborty and Veeramani, 2004; Seyoum Leta, 2004). Because of

this biological phosphorous removal can be used as a better alternative.

In general, lots of biological systems with different configurations have been used to remove

organic matter and nutrients. So far the application of a two stage biological process, anoxic-

aerobic, for the treatment of different wastewaters has showed considerable reduction of

organic matter and the nutrient nitrogen (Fantahun Woldesenbet, 2005; Alemayehu

Hailemicael, 2006). However, the bioprocess’s performance with regard to the removal of

phosphorus was not satisfactory. These authors have reported considerably lower removal of

phosphorous by the bioprocess. Thus, in order to achieve high phosphorous removal

efficiency by the bioprocess modification of the bioprocess is required. Phosphorous removal

from wastewater can be accomplished biologically in activated sludge reactors by

incorporating an anaerobic stage ahead of anoxic/aerobic bioprocess (Mino et al., 1998).

Incorporation of anaerobic stage and cyclic exposure of the activated sludge to these stages

favors the growth of special group of microorganisms that have the capacity to uptake more

phosphorous than their metabolic requirements. Therefore, in this study; the efficiency of

anaerobic/anoxic/aerobic bioprocess to treat real brewery wastewater was investigated.
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Objectives

General Objective

The overall objective of this study was to biologically treat brewery wastewater using a

laboratory scale anaerobic-anoxic-aerobic bioprocess system with special emphasis on its

phosphorous removal efficiency.

Specific Objectives

1. To characterize brewery wastewater.

2. To modify a laboratory scale biological treatment system in a way that could be

suitable for the treatment of brewery wastewater.

3. To evaluate the treatment performance of the bioprocess for selected parameters.

4. To optimize the system for treating phosphorous containing brewery effluents.
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2. LITERATURE REVIEW

2.1. Brewery Wastewater Characteristics

2.1.1. Brewery Process Description

The production of beer comprises four main stages: brewhouse operations, fermentation,

aging or secondary fermentation and packaging (World Bank, 1997; Merwe et al., 2002; IFC,

2007). The following flow diagram indicates basic activities in the process of beer making.

Malted Barley Water

Sugar

Hops

Milling Mashing Lautering

Boiling

Whirl poolingCooling
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Yeast

Fig.1. Basic Brewery Flow Diagram (CECP, 2000; IFC, 2007) modified.

Note: All process equipment requires caustic and/or acid.

In processing raw materials to the final beer product the brewing industry employs a number

of batch-type operations. In the process, large quantities of water are used for the production

of beer itself, as well as for washing, cleaning and sterilizing of various units after each batch

are completed (Parawira et al., 2005). For many years the brewing industry has recorded high

ratios of water used to beer produced (Merwe et al., 2002; UNEP, 2007). In general

breweries use 4 to 6 hl of water per hl of beer (UNEP, 1996; Carlsberg, 2005; Suez, 2007).

The amount of wastewater produced is related to the specific water consumption (expressed

as hl water/hl beer brewed). With the exception of the water which is contained in the beer

itself of the by-products, or is evaporated, every drop of water ends up as wastewater (UNEP,

1996; Driessen and Vereijken, 2003; Kunze, 2004; Carlsberg, 2005). This wastewater is

discharged out of the brewery.

In addition to the wastewater, water also leaves the brewery as beer, as

a part of by-products (brewers’ grains and excess yeast) or as steam and

vapors. A simplified water balance of the water used within a brewery is

shown in Fig. 2, whereby the water either becomes part of the beer, part

of the effluent or is evaporated.

Beer

Fermenting Maturing Filtering

Packaging
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Water Brewery Effluent

Evaporation

Fig. 2. Typical water balance within a brewery (Merwe et al., 2002).

The main water use areas of a typical brewery are brew house, cellars, packaging and general

water use. Water use attributed to these areas includes all water used in the product, vessel

washing, general washing and cleaning in place (CIP); which are of considerable importance

both in terms of water intake and effluent produced (Merwe et al., 2002).

Brew house: The section where the brewing process starts through the production of wort

(Merwe et al., 2002). The major wastewater sources from this section of a brewery include

cleaning of the cereal for grinding, filtration of the mash, removal of trub, before and after

brewing rinse of the mash tun, lauter tun and wort kettle as well as the water used for cooling

purposes (IFC, 2007; Merwe et al., 2002). The COD, BOD and nutrients contribution of

these sources is high as it contains hop residues and some protein material from the malt (The

Breweries of Europe, 2002).

Fermentation: During fermentation, yeast converts sugar in wort to alcohol and carbon

dioxide. Fermentation produces more yeast than is typically required for the next batch (The

Breweries of Europe, 2002). Approximately 3% of the beer contained within the fermentation

vessels, on a volume basis, is lost with the withdrawal of the yeast and trub (EEC, 1997; IFC,

2007) which contributes to the organic load of the effluent. Following fermentation is the

process of maturation during which the beer develops full flavor.

Filtration: Following maturation, most beer is filtered to remove remaining yeast to obtain

“bright beer” which has the specified level of clarity and prolonged shelf life. The filtration

takes place in a kieselguhr (diatomaceous earth) filter using frame, candle, or mesh filters.

The spent filter aids are washed out of the filter with water during backwashing and

discharged to the drains contributing to the suspended solid of the wastewater (The Breweries

of Europe, 2002). It is estimated that 1.5% of the beer is lost during filtration and discharged

to the drains as beer loss increasing the organic load of the wastewater (BPCE, 1986; IFC,
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2007). Following filtration beer is stored in “bright beer tanks” and is ready for packaging in

the bottling hall.

Packaging and Pasteurization: Following filtration bright beer is stored and then filled into

bottles or cans. In the process of filling, a small volume of beer (drip beer) is split. Bottling is

usually preceded with bottle washing to remove any residual beer mold, cigarette butts, and

labels and dust particles (Merwe et al., 2002; The Breweries of Europe, 2002; IFC, 2007).

Bottle washing and pasteurization requires large volumes of water. The main pollutants from

these stages are drip beer from fillers, beer from pasteurizer breakages and beer residues in

returned bottles (Schwartz et al., 1971; BPCE, 1986; IFC, 2007). Beer has a COD value of

around 120,000 mg/kg depending on its strength and alcohol content (UNEP, 1996) and a

BOD value of about 100,000 to 150,000 mg/l (Schwartz et al., 1971). The total amount of

residual beer will be in the area 1 - 5% of the total production, sometimes higher (UNEP,

1996; UNIDO, 2000; The Breweries of Europe, 2002).

Cleaning-in-Place (CIP): In a brewery it is important that all process equipment and pipes

are kept clean and disinfected. Cleaning is carried out by means of CIP systems, where

cleaning agents are circulated through the equipment or sprinkled over the surface of the

tanks. Caustic soda or acid (Phosphoric acid (65%), and nitric acid) are often used as cleaning

agents (Merwe et al., 2002; The Breweries of Europe, 2002; IFC, 2007). CIP is a routine

practice in every section of a brewery and effluent from this activity is the major source of

organic and inorganic pollutants.

Water Treatment: In a brewery additional water production/treatment facilities are present

to supply the brewery with, inter alia, steam, high temperature water, cold water, cleaning

water and drying water (Merwe et al., 2002; IFC, 2007). Wastewater discharged from this

section of a brewery is insignificant in terms of organic and inorganic load.

2.1.2. General Characteristics of Brewery Wastewater

The effluent from a brewery is generated from the brew kettle, fermentor, storage, and

various cleaning operations, and may contain residues such as trub, spent grains, Kieselguhr,

and yeast (The Breweries of Europe, 2002). As a result, the wastewater from these processes
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has a high COD (3,000-5,000 mg/L), high temperature (30-35C), high TSS, and alkaline pH

(Ontario MOE, 1986; Huang and Hung, 1987; de Vegt et al., 1992; UNEP, 1995).

Another major source of wastewater pollutants in a brewery is the rinsing and cleaning of

equipment, bottling and bottle washing. For example, residual product loss during packaging

could represent a significant portion of a brewery’s BOD load, especially where old

equipment is still in use (EEC, 1997). Furthermore, bottle washing produces a wastewater

with a moderate COD (2,000-3,000 mg/L) and temperature (25-30C), and alkaline pH

(SEPA, 1991; de Vegt et al., 1992; UNEP, 1995). There is a large variation in brewery

wastewater pH generated from the different sections (SEPA, 1991; Cronin, 1996; The

Breweries of Europe, 2002; Driessen and Vereijken, 2003). However, for the combined

effluent the pH averages about 7, but can fluctuate from 3 to 12 depending on the use of acid

and alkaline cleaning agents. Effluent temperatures will average about 30oC (World Bank,

1997; IFC, 2007).

2.1.3. Brewery Wastewater Composition

Wastewater generated from beer manufacturing amounts to 65-70% of the water intake

volume (EEC, 1997). The wastewater contains: maltose, dextrose, wort, trub, spent grains,

yeast, filter slurry (Kieselguhr and lucilite), green beer and bright beer (The Breweries of

Europe, 2002; Driessen and Vereijken, 2003). Furthermore, brewery wastewater contains

nutrients, nitrogen and phosphorus, which can result in adverse environmental impacts.

Nitrogen primarily comes from malt, adjuncts and nitric acid used for cleaning (SEPA, 1991;

de Vegt et al., 1992; UNEP, 1995; Driessen and Vereijken, 2003). Discharge of yeast

also contributes to the amount of nitrogen in the wastewater (The

Breweries of Europe, 2002). Phosphorus, which comes from cleaning agents, is

usually found in concentrations ranging from 30-100 mg/l depending on water ratio and



23

cleaning agents used (UNEP, 1995; The Breweries of Europe, 2000; Driessen and Vereijken,

2003).

The traditional characterization of brewery wastewater is the content of organic material,

which is often measured as either COD or BOD (The Breweries of Europe, 2002). Organic

material mainly enters the brewery in the form of raw materials such as malt and adjuncts. In

addition organic material may enter the brewery as “other input sources” consisting of

cleaning additives, lubricants for conveyors and residual products in the bottles (The

Breweries of Europe, 2002). These organic materials will mainly leave the brewery as beer,

by-products and wastewater. The potential largest COD discharging processes are brewers’

grains, yeast and surplus yeast, trub, weak wort discharge, emptying of and rinsing water

from kettles, emptying of process tanks, pre- and after-runs from kieselguhr filtration and

filling, chase water from process pipes and residual beer (EEC, 1997; The Breweries of

Europe, 2002). Therefore, discharges of by products to the sewer system and product loss are

the main causes for large COD discharges.

Untreated brewery process wastewater also contains suspended solids.

The brewery solids mainly consist of spent grains, kieselguhr, surplus

yeast, trub and possible label pulp from the bottle washer (The Breweries

of Europe, 2002; Driessen and Vereijken, 2003). In general, the effluent

will have a high organic pollution load and a relatively high solid pollution load (BPCE, 1986;

Driessen and Vereijken, 2003).

2.2. Environmental Impact of Brewery Wastewater

The effluent from brewery activities is likely to cause environmental problems when

discharged without any treatment measures (The Breweries of Europe, 2002; Parawira et al.,

2004; Al-Rekabi1 et al., 2007). A number of pollution related studies have confirmed that
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about 90% of industries including breweries in Addis Ababa are simply discharging their

effluent into nearby water bodies, streams and open land without any form of treatment

(EEPA, 2006). The uncontrolled discharge of untreated wastewater such as breweries can

lead to depletion of dissolved oxygen in surface water and generation of noxious odors

(Parawira et al., 2005). Furthermore, wastewaters such as breweries contain nutrients which

stimulate aquatic plant growth and contribute to eutrophication.

The main characteristics of environmental concern that can be associated with brewery

wastewater include BOD5/COD concentrations, TSS concentrations, pH, nutrients (nitrogen

and phosphorus) concentration and temperature (The Breweries of Europe, 2002; Driessen

and Vereijken, 2003; IFC, 2007).

Biochemical Oxygen Demand (BOD): BOD is used to describe the depletion of dissolved

oxygen due to biodegradation of organic compounds. Similarly, oxygen-demanding

substances contributed by breweries include excess yeast, wort, trub and kieselguhr (Bock

and Oechsle, 1999; UNIDO, 2000). These substances are usually destroyed or converted to

other compounds by bacteria if there is sufficient oxygen present in the water, but the

dissolved oxygen needed to sustain aquatic (fish) life is used up in this break down process.

As a result suffocation of aquatic life will occur, which in turn result in putrefaction

producing foul smells and killing living organisms (Kunze, 2004).

Chemical Oxygen Demand (COD): COD is similar to BOD but takes into account more

stable organic compounds. It is better indicator of long-term impacts than BOD (EEC, 1997).

Temperature: Fluctuating temperatures may have a negative impact on aquatic life (EEC,

1997). Heat reduces the capacity of water to retain oxygen (US EPA, 2004). As the

temperature increases, the solubility of oxygen decreases but increases the metabolic rate of

organisms, resulting in increasing consumption of oxygen. Breweries use large amount of

water for cooling purposes and in most cases discharge the warmed water directly to the

environment and elevate the receiving water bodies’ temperature. These unchecked

discharges of waste heat can seriously alter the ecology of the receiving water bodies (a lake,

a stream, or estuary) (US EPA, 2004).
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Total Suspended Solids: Total suspended solids (TSS) include all particles suspended in

water which will not pass through a filter. As levels of TSS increase, a water body begins to

lose its ability to support a diversity of aquatic life (US EPA, 2004). Suspended solids in

brewery wastewater create anaerobic conditions and suffocate aquatic life (The Breweries of

Europe, 2002).

pH: pH indicates the balance between the acids and bases in water and is a measure of the

hydrogen ion concentration in solution. pH values reflect the solvent power of water, thereby

indicating its possible chemical reactions on rocks, minerals, and soils. A pH range from 6.5

to 8.5 pH units is acceptable in drinking water (WHO, 1984; 2006).

Nutrients (Nitrogen and Phosphorous): Carbon, nitrogen, and phosphorus are essential to

living organisms and are the chief nutrients present in natural water. Large amounts of these

nutrients are also present in sewage, certain industrial wastes, and drainage from fertilized

land (US EPA, 2004). When an excess of these nutrients over stimulates the growth of water

plants, the result causes unsightly conditions, interferes with drinking water treatment

processes, and causes unpleasant and disagreeable tastes and odors in drinking water. The

release of large amounts of nutrients, primarily phosphorus but occasionally nitrogen, causes

nutrient enrichment which results in excessive growth of algae (US EPA, 2004; Taru et al.,

2005).

Nitrogen and phosphorus are the primary causes of cultural eutrophication (US EPA, 2001).

However, phosphorous has been found to be the main culprit in eutrophication of lakes and

water ways which is a major international environmental problem (U.S. Army Corps of

Engineers, 2001; Tykesson, 2005; Tanyi, 2006).

The main problem of over-fertilization is uncontrolled algal growth. Uncontrolled algal

growth blocks out sunlight and chokes aquatic plants and animals by depleting dissolved

oxygen in the water at night. The release of nutrients in quantities that exceed the affected

water body’s ability to assimilate them results in a condition called eutrophication or cultural

enrichment (US EPA, 2004). The most recognizable manifestations of this cultural

eutrophication are algal blooms. Chronic symptoms of over-enrichment include low

dissolved oxygen, fish kills, murky water, and depletion of desirable flora and fauna. In

addition, the increase in algae and turbidity increases the need to chlorinate water for
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drinking purposes. This, in turn, leads to higher levels of disinfection by-products that have

been shown to increase the risk of cancer. Excessive amounts of nutrients can also stimulate

the activity of microbes, such as Pfisteria, which may be harmful to human health (US EPA,

2001; Obaja et al., 2003; Taru et al., 2005).

If these and other related environmental problems must be minimized, the removal of

phosphorus in wastewater has to be improved. Considering that phosphorous is a

conservative substance (i.e., never used up, keeps recycling) that will accumulate within the

system, it is clear that all comprehensive eutrophication control efforts should include

phosphorous removal from discharged wastewaters (U.S. Army Corps of Engineers, 2001;

Liu et al., 2007).

2.3. Treatment of Brewery wastewater

Breweries in Ethiopia compete with irrigation for crop farming (UNEP, 2007). Agriculture is

the major cornerstone for the economic development in Ethiopia. To alleviate the recurrent

drought problems, the appropriate management and utilization of water resource is paramount

importance (EEPA, 2006). One way of doing this is by establishing a system to safeguard the

water resources from pollution. These days, in Ethiopia industrial wastewater is the primary

cause of water pollution followed by domestic wastewater and human excreta (JICA, 1999).

In Ethiopia the formation of many industries were only based on their potential benefits to the

society as well as to the country. Many of the industries are concentrated on Addis Ababa,

Mojoo, Debre Zeit and Kombolcha. The establishment of these industries did not consider

their potential harm on the environment. Most of the rivers found around these industries

indicate high organic pollution load and higher level of toxic substances than the acceptable

level for human health (JICA, 1999). This industrial and chemical pollution of water bodies is

now one of the great environmental concerns in the country. Like other sectors of industries

breweries in Ethiopia have also got attention in terms of their pollution contribution to the

environment.

In the last 20 years environmental awareness of the brewing industry has grown significantly

leading to increased investments in environmental protection measures (Driessen and

Vereijken, 2003). Different countries place different systems based on the country’s as well

as the breweries’ specific condition in order to minimize the pollution contribution from this
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sector of industry. Effluent treatment requirement of breweries based on their discharge is

one of the different systems (World Bank, 1997).

The actual discharge limits for breweries might vary for each location, region and country.

However, it is obvious that in case of discharging to a municipal sewer, discharge limits are

less stringent than when the effluent is to be discharged into a sensitive receiving surface

water body (river, lake, sea, etc.) (Driessen and Verejken, 2003). The European Union (EU)-

directive (91/271/EEC) sets the limit for total phosphorous in effluent wastewater in sensitive

areas to 1 to 2 mg/l, or a minimum of 80% reduction of the influent concentration (Tykesson,

2005). Similarly Ethiopian Environmental Protection Authority sets provisional limit for the

total phosphorous that brewery wastewater should contain to 5 mg/L when discharged to

surface waters (EEPA, 2003). The following table shows guidelines that present emission

levels normally acceptable to the World Bank Group in making decisions regarding provision

of World Bank Group assistance. These effluent requirements are for direct discharge to

surface waters.

Table 1 Brewery effluent requirements for direct discharge to surface waters (World Bank,

1997).

Parameter Maximum value
(in mg/l except for pH and Temperature)
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PH 6-9

BOD5
50

COD 250

TSS 50

P 5

Ammonia nitrogen (NH4+-N) 10

Temperature (oC) ≤ 30

Therefore, in order to achieve this allowable brewery wastewater discharge limits appropriate,

cost-effective as well as environmentally friendly wastewater treatment method is required.

2.3.1. Wastewater Treatment methods

Wastewater treatment technologies range from simple clarification in a settling pond to a

complex system in advanced treatment requiring ample equipment and highly skilled

operators (Huei, 2005). Basically wastewater treatment methods can be divided into three

categories which are physical, chemical and biological wastewater treatment processes.

2.3.1.1. Physical treatment Processes

Physical treatment processes are operations used for the treatment of wastewater in which

change is brought about by means of or through the applications of physical forces. The

physical units most commonly used in wastewater treatment include screening, grit removal,

mixing and flocculation, sedimentation, clarification, aeration, and volatilization and

stripping of volatile organic compounds (VOCs) (Nemerow and Agardy, 1998; Tanyi, 2006).

These methods only remove 20 % to 30 % of phosphorus in wastewater (Henze et al., 1995)

and are mostly used at pre-treatment stage (Gillberg et al., 2003).

2.3.1.2. Chemical Treatment Processes

Chemical treatment processes are the processes used for the treatment of wastewater in which

change is brought about by means of or through chemical reactions. The principal chemical

processes used for wastewater treatment include chemical coagulation, precipitation,

disinfection and oxidation, ion exchange and others (Henze et al., 1995; Gillberg et al., 2003).
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Using precipitation up to 90 % of total phosphorus, 25 % of total nitrogen, 90 % of BOD and

90 % of suspended solids can be removed (Gillberg et al., 2003). This type of treatment

mainly relies on addition of chemicals and is applied when the wastewater can not be treated

biologically (Tanyi, 2006).

A significant disadvantage of this treatment process is additive processes involve (Gillberg et

al., 2003; Tanyi, 2006). As a result there is a net increase in the dissolved constituent in the

wastewater (Huei, 2005). Besides that another disadvantage of chemical treatment process is

that the cost of most chemicals is related to the cost of energy (Gillberg et al., 2003).

Therefore, the end user has little control over chemical costs.

2.3.1.3. Biological Treatment Processes

Biological treatment is the most appropriate industrial wastewater treatment technology.

Organic components in brewery effluent are generally easily biodegradable as these mainly

consist of sugars, soluble starch, ethanol, volatile fatty acids, etc (Driessen and Vereijken,

2003). The effluent has a low content of non-biodegradable components. Brewery wastewater

normally has a COD:BOD ratio of 1.5-1.7 indicating that the wastewater is easily degradable

(The Breweries of Europe, 2002; Driessen and Vereijken, 2003).

The objective of biological wastewater treatment processes is to remove or reduce the

concentration of organic and inorganic compounds. The principal process used for the

biological treatment of wastewater can be classified with respect to their metabolic function

as aerobic, anaerobic, anoxic, facultative and combined processes (Huei, 2005). Generally

there are three biological processes used in wastewater treatment: anaerobic, aerobic and

anoxic (Tanyi, 2006). Aerobic treatment has been applied for the treatment of brewery

wastewater and recently anaerobic systems have become an attractive option (Parawira et al.,

2005; Kanagachandran and Jayaratne, 2006).

2.3.2. Biological Nutrient Removal

Phosphorus and nitrogen removal from wastewater is an important strategy to control

eutrophication, and biological nutrient removal (BNR) is an effective and economical way to

remove phosphorous along with nitrogen and organic materials from wastewater (Ouyang et

al., 1999; Erdal et al., 2000; Yong Ma et al., 2005; Liu et al., 2007). Biological nutrient
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removal (BNR) refers to the removal of total nitrogen (TN) and total phosphorus (TP) from

wastewater through the use of microorganisms under different environmental conditions in

the treatment process (Metcalf and Eddy, 2003). As a result the possibility of nuisance

growth of algae or weeds in the receiving water bodies will be eliminated.

2.3.2.1. Phosphorus Removal

Industrial effluent total phosphorus comprises soluble and particulate phosphorus. Particulate

phosphorus can be removed from wastewater through solids removal. To achieve low

effluent concentrations, the soluble fraction of phosphorus must also be targeted (US EPA,

2005). Many literatures reported trends and directions of development of phosphorous

removal technologies from wastewater that was presented in the past (Barnard, 1975; 1982;

1983; WEF, 1992; Aspegren, 1995).

Conventional secondary biological treatment systems accomplish phosphorus removal by

using phosphorus for biomass synthesis during BOD removal. A typical phosphorus content

of microbial solids is 1.5-2 percent based on dry weight. Wasting of excess biological solids

with this phosphorus content may result in a total phosphorus removal of 10-30 percent,

depending on the BOD-to-phosphorus ratio, the system sludge age, sludge handling

technique, and side stream return flows (US EPA, 1987; Cretu and Tobolcha, 2005). More

phosphorous can be removed if one of a number of especially developed biological

phosphorous removal processes is used. These processes are based on the exposure of

microbes in an activated-sludge system to alternating anaerobic and aerobic conditions. This

stresses the micro-organisms, so that their uptake of phosphorous exceeds normal levels

(Erdal et al., 2000; Metcalf and Eddy, 2003).

Phosphorus can also be removed from wastewater through chemical precipitation.

Chemical precipitation primarily uses aluminum and iron coagulants or lime to form

chemical flocs with phosphorus (Gillberg et al., 2003). These flocs are then settled out to

remove phosphorus from the wastewater. However, compared to biological removal of

phosphorus, chemical processes have higher operating costs, produce more sludge, and

result in added chemicals in sludge (Gillberg et al., 2003; Metcalf and Eddy, 2003; Tanyi,

2006). As biological phosphorous removal dose not require chemical precipitants and
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produces less waste sludge, it forms a good alternative to chemical phosphorous removal

in wastewater treatment plant (Liu et al., 2007).

2.3.2.2. Nitrogen Removal

In general industrial effluent total nitrogen comprises ammonia, nitrate, particulate organic

nitrogen, and soluble organic nitrogen (Jeyanayagam, 2005). The biological processes that

primarily remove nitrogen are nitrification and denitrification (Seyoum Leta, 2004;

Jeyanayagam, 2005). Nitrification occurs in the presence of oxygen under aerobic

conditions, and denitrification occurs in the absence of oxygen under anoxic conditions (US

EPA, 2005). During nitrification ammonia is oxidized to nitrite by one group of autotrophic

bacteria, most commonly Nitrosomonas (Surampalli et al., 1997; Metcalf and Eddy, 2003;

Seyoum Leta, 2004). Nitrite is then oxidized to nitrate by another autotrophic bacteria

group, the most common being Nitrobacter. Following nitrification the next process is

denitrification which involves the biological reduction of nitrate to nitric oxide, nitrous

oxide and nitrogen gas (Surampalli et al., 1997; Metcalf and Eddy, 2003; Seyoum Let,

2004). Following these processes nitrogen can be removed from the wastewater.

2.3.2.3. Types of BNR Process Configuration

There are a number of BNR process configurations available. Some BNR systems are

designed to remove only TN or TP, while others remove both. The configuration most

appropriate for any particular system depends on the target effluent quality, operator

experience, influent quality, and existing treatment processes, if retrofitting an existing

facility (US EPA, 2007). BNR configurations vary based on the sequencing of environmental

conditions (i.e., aerobic, anaerobic, and anoxic) and timing (Jeyanayagam, 2005). Common

BNR system configurations include those shown in Table 2.

Table 2 Some of the common BNR system configurations along with their target parameters

to remove (Jeyanayagam, 2005).

Process Description
Used to

remove
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Modified Ludzack-Ettinger

(MLE)

Continuous-flow suspended-growth process with

an initial anoxic stage followed by an aerobic

stage

TN

A/O
MLE process preceded by an initial anaerobic

stage

Both TN and

TP

Step Feed

Alternating anoxic and aerobic stages; however,

influent flow is split to several feed locations and

the recycle sludge stream is sent to the beginning

of the process

TN

Bardenpho Process (Four

stage)

Continuous-flow suspended-growth process with

alternating anoxic/aerobic/anoxic/aerobic stages
TN

Modified Bardenpho
Bardenpho process with addition of an initial

anaerobic zone

Both TN and

TP

Sequencing Batch Reactor

(SBR)

Suspended growth batch process sequenced to

stimulate the four stage process

TN (TP

removal is

inconsistent)

Modified University of

Cape Town (UCT)

A/O process with a second anoxic stage where the

internal nitrate recycle is returned

Both TN and

TP

Rotating Biological

Contactor (RBC)

Continuous-flow process using RBCs with

sequential anoxic/aerobic stages
TN

Oxidation Ditch

Continuous-flow process using looped channels to

create time sequenced anoxic, aerobic, and

anaerobic zones

Both TN and

TP
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Note: Anoxic is a condition in which oxygen is available only in the combined form (e.g.,

NO-2 or NO-3). However, anaerobic is a condition in which neither free nor combined

oxygen is available (WEF and ASCE/EWRI, 2006).

Although the exact configurations of each system differ, BNR systems designed to remove

TN must have an aerobic zone for nitrification and an anoxic zone for denitrification, and

BNR systems designed to remove TP must have an anaerobic zone free of dissolved oxygen

and nitrate (WEF and ASCE/EWRI, 2006).

A variety of treatment systems have been used in practice for the combined removal of

carbon, nitrogen and phosphorous from wastewaters (Meganck and Faup, 1988; Toerien et al.,

1990; Appeldoorn, 1993). Though the anaerobic-anoxic-aerobic (A/A/A) process is well

known as a simultaneous nitrogen and phosphorus removal process and is used widely

throughout the world, many researchers mainly focus on the sequential batch reactor and

University of Cape Town (UCT) processes (Yong Ma et al., 2005).

2.3.3. Anaerobic Treatment of Wastewater

Anaerobic treatment of wastewater is a process that takes place in the absence of electron

acceptor. The overall basic reactions during anaerobic system can be summarized as: -

COD→ CH4 + CO2 + Anaerobic Biomass (Driessen and Vereijken, 2003). This process is

characterized by biological conversion of organic compound (usually expressed as COD) into

biogas (methane 70-85 % and carbon dioxide 15-30 % with traces of hydrogen sulphide)

(Lettinga and Hulshoff-Pol, 1991; Britz and Ronquest, 1999; Gillberg et al., 2003; Metcalf

and Eddy, 2004; Tanyi, 2006). Furthermore the process is known for its less energy

consumption as well as smaller sludge generation (Lettinga et al., 1992; Jenicek et al., 1999;

Driessen and Vereijken, 2003).

Anaerobic treatment systems include lagoons, Continuous Stirred Tank Reactors (CSTR),

Anaerobic filters (AF), Upflow Anaerobic Sludge Blanket (UASB), Fluidised Bed (FB),

Expanded Granular Sludge Bed (EGSB) and Internal Circulation(IC) reactors (Driessen and

Vereijken, 2003). Several types of anaerobic reactors can be applied to brewery wastewater

treatment, however, the UASB reactor is the worlds most widely applied anaerobic reactor

system for treatment of brewery effluent (Batson et al., 2004; Huei, 2005; Parawira et al.,

2005).
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Anaerobic processes have been used successfully for many years for highly polluted

wastewaters from sugar factories, distilleries, wood pulp factories, etc and have also become

of more interest to other sectors of industry, such as breweries, since energy in the form of

combustible methane gas can be recovered (Kunze, 2004; Brito et al., 2005). Driessen and

Vereijken (2003) reported that this treatment process have 70-85% COD and low nutrients (N

and P) removal efficiency. Stadlbauer et al. (1994) reported COD removal efficiencies of 85

to 90 % from a study of anaerobic purification of lager beer brewery wastewater in a

laboratory scale biofilm reactors with and without a methanation cascade. Austermann-Haun

and Seyfried (1994) also reported 80 % COD removal efficiency from the pilot-scale UASB

reactor treating clear beer brewery wastewater. Further a study conducted by Brito et al.

(2005) also indicated that 70 to 80 % COD removal by the UASB process in Unicer SA

brewing industry. In spite of such efficiency the NH4+-N levels were above the threshold

values prescribed for wastewater discharge in surface waters (Brito et al., 2005).

The effluent of an anaerobic digester contains high amounts of nutrients, most in the form of

ammonia and also phosphorous (Obaja et al. 2003; La Motta et al., 2007). Thus, anaerobic

biological treatment alone can not achieve the performance levels required for direct

discharge in to receiving streams. However, it can be employed as a cost effective pre-

treatment ahead of aerobic treatment (La Motta et al., 2007).

2.3.4. Aerobic Treatment of Wastewater

Aerobic treatment is a process with the presence/supply of air/oxygen. The overall basic

reactions during aerobic treatment can be summarized as: - COD + O2→ CO2 + H2O +

Aerobic Biomass (Driessen and Vereijken, 2003; Al-Rekabi1 et al., 2007). Organic matter

which is fed to an aerobic biological treatment plant maybe exposed to oxidation to carbon

dioxide and different nutrients (in the form of N, P and S), assimilation in biomass (sludge),

unchanged passage for biologically non degradable matter, and finally conversion into other

organic matter (Henze et al., 1995; Kanagachandran and Jayaratne, 2006). Furthermore, since

it is an oxidative biological reaction, large amounts of biomass are produced which settle as

sludge which requires further disposal (Driessen and Vereijken, 2003; Kanagachandran and

Jayaratne, 2006).
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The aerobic treatment of brewery effluent requires a comparatively large energy input

compared to anaerobic treatment (Huei, 2005; Kanagachandran and Jayaratne, 2006). In

contrast to the anaerobic process, this process is quite fast which means that bacteria are able

to make better use of the substrate and can create biomass more readily (Gillberg et al., 2003;

Tanyi, 2006).

Basically, aerobic activated sludge treatment is the most frequent and widely applied

treatment technology. Besides aerobic activated sludge, aerobic fixed-bed and moving bed

reactors can also be applied on brewery effluent (Huei, 2005). According to Driessen and

Vereijken (2003) aerobic systems can achieve 90-98 % COD and high nutrients (N/P)

removal. In an aerobic process, typical concentrations of phosphorus in heterotrophic

microorganisms are between 10 to 25 g/kg VSS and 7 to 18 g/kg COD (Henze et al., 1995).

Aerobic treatment processes have traditionally been employed for reduction of BOD, but

concurrent reductions of other contaminants often proves infeasible without coupling aerobic

treatment with anaerobic or anoxic pretreatment (Al-Rekabi1 et al., 2007).

2.3.5. Anaerobic-Aerobic Treatment of Wastewater

The main objectives of post treatment are to enhance organic matter removal as well as to

promote the removal of components which are barely affected by the anaerobic treatment i.e.

nutrients and pathogens (Chernicharo and Nascimento, 2001; Driessen and Vereijken, 2003).

Combined anaerobic/aerobic treatment of brewery effluent has important advantages over

complete aerobic treatment especially regarding: a positive energy balance, reduced (bio)

sludge production, significant low space requirements and achieving stringent limit

(Rodrigered et al., 2001; Nogueira et al., 2002; Brito et al., 2003; Driessen and Vereijken,

2003; IFC, 2007). Furthermore, treating anaerobic systems effluent with aerobic systems will

enable to reduce the concentration of nutrients (N/P) discharged to the environment (Mino et

al., 1998; Obaja et al., 2003; Obaja et al., 2005; Tanwar et al., 2007).

Although complete mineralization of toxic organic is not normally accomplished by

anaerobic treatment, the ability of these systems to biologically transform toxic organic

chemicals to forms more easily degraded in aerobic environments greatly expands the

capabilities of biological systems for treatment of organic wastes (Al-Rekabi1 et al., 2007).

Processes (aerobic polishing processes) that have been used for post treatment include
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conventional activated sludge (Malina and Pohland, 1992), extended aeration (Ciftci and

Ozturk, 1995), trickling filters (Chernicharo and Nascimento, 2001) and rotating biological

contactors (Wahaab and Hamdy el-Away, 1999). Therefore by integrating the anaerobic

process with other biological methods and with physical-chemical methods, complete

treatment of the wastewater can be accomplished at very low costs (Lattinga et al., 1997).

Using this configuration Rahel Muche (2007) reported high removal efficiencies of COD

(91.6 %), BOD5 (92.06 %) and phosphate (89.52 %) from textile wastewater. However, the

maximum removal for nitrogen was low (62 %).

2.3.6. Anaerobic-Anoxic-Aerobic Treatment of Wastewater

Activated sludge process is the most common feature in most of the studies along with

various pre-treatment options. However, single- and two- stage activated sludge processes are

reported to be inefficient with inadequate nitrification (Luthy, 1981; Pandey et al., 1991).

Two- and three-stage anoxic-aerobic/anaerobic-anoxic-aerobic sequential treatment enhanced

process performance (Wen et al., 1991; Zitomer and Speece, 1993; Zhang et al., 1997; Li et al.,

2003).

Typically, a BNR process has anaerobic, anoxic and aerobic (A/A/A) reactors; the activated

sludge is exposed to these conditions repeatedly. In the anaerobic reactor the activated sludge

releases phosphorus and accumulates polyhydroxyalkanoates (PHA) when the carbon

substrate is more abundant (Jenkins and Tandoi, 1991; Ouyang et al., 1999; Erdal et al., 2000;

Wilderer et al., 2001; WEF and ASCE/EWRI, 2006). During the subsequent aerobic phase,

polyphosphate accumulating organisms (PAOs) take up phosphate from the bulk liquid and

store it in the form of polyphosphate, while PHA is used as a carbon and energy source

(Jenkins and Tandoi, 1991; Ouyang et al., 1999; Wilderer et al., 2001; Pijuan et al., 2005;

Harper et al., 2006; Mullan et al., 2006); therefore, phosphorus can be removed from

wastewater. In the anoxic reactor, nitrate decreases due to denitrification (Ouyang et al.,

1999). Besides its use for the removal of nitrate, anoxic reactor can also be used for

biological phosphorus removal (Tanyi, 2006). Many researchers have shown that some PAOs

use nitrate instead of free oxygen to oxidize stored PHAs and take up phosphorus. These

denitrifying PAOs remove phosphorus in the anoxic zone, rather than in the aerobic zone

(Mino et al., 1995; Barker and Dold, 1996; Ng et al., 2001; Jeyanayagam, 2005). Moreover

in the aerobic reactor, nitrification, organic substrate oxidation, and phosphorus uptake occur



37

at the same time (Ouyang et al., 1999; Peng et al., 2006). Consequently, organic substrate,

nitrogen and phosphorus can be removed simultaneously in the process.

Garuti et al. (1992) used the combined (anaerobic/anoxic/oxic) system to treat mixed

wastewater from an urban treatment plant and a dye production factory and obtained removal

percentages of 90% for COD and 81% for nitrogen. Other authors Jenicek et al. (1996)

reported global removal percentages of 97% and 73% of COD and nitrogen respectively from

pharmaceutical wastewater using a semi-pilot combined system (an UASB reactor and a

divided anoxic-aerobic tank). Thus, the other possible and advantageous combined process

for biological treatment of brewery wastewater can be anaerobic-anoxic-aerobic (A/A/A)

process. In the absence of anaerobic phase using anoxic/aerobic stages for the treatment of

malt factory effluent Alemayehu Hailemicael (2006) reported high removal efficiencies of

COD (97.7 %), BOD (97.1 %) and total nitrogen (73.8 %). The maximum removal efficiency

reported for phosphorous was 61.3 %. Similarly, using the same set-up design for the

treatment of abattoir wastewater high removal efficiencies of COD (98 %), BOD (98 %) and

total nitrogen (97 %) were reported by Fantahun Woldesenbet (2005). In this case also the

maximum phosphorous removal achieved was low (53 %).

Therefore, this combined process (anaerobic-anoxic-aerobic) was employed for the treatment

of brewery wastewater where the anaerobic stage was used as a pre-treatment step and

anoxic-aerobic reactors were used for denitrification with organic removal, and nitrification

and phosphorous removal as discussed by Suidan et al. (1987), Liu et al. (1996), Melcer and

Nutt (1988) and Zeng et al. (2003b).

3. Materials and methods

This research was conducted using a laboratory scale anaerobic/anoxic/aerobic (A/A/A)

treatment plant prepared based on the modified University of Cape Town (UCT) type BNR
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plant and by modifying an activated sludge model designed by Seyoum Leta et al. (2004) at

the premise of the Faculty of Science, Addis Ababa University.

3.1. Experimental Design and Setup

A layout of the laboratory scale A/A/A treatment plant used to treat brewery wastewater is

shown in Fig.3.

Anaerobic
Tank
(10L) Anoxic

Tank

(10L)
Aerobic

Tank

(20L)

Collection Tank (300L)

Pump

Clarifier

Fig.3. Schematic representation of the laboratory scale anaerobic-anoxic-aerobic (A/A/A)

bioprocess system used in the study.

The system comprised of a 300 liters influent collection tank and anaerobic, anoxic and

aerobic reactors with an effective volume of 10, 10 and 20 liters, respectively, and a

sedimentation tank (clarifier) which were connected in series. The clarifier was regarded as a

point of separation of biomass and effluent implying that there were no biological activities

Supporter



39

occurring in the clarifier. A flow inducer pump (Type MHRE 200, England) was used to

connect the influent collection tank to the anaerobic reactor while gravitational pull system

was used as the driving force of waste in a sense; from the anaerobic tank to the anoxic, and

to the aerobic tank and finally to the clarifier.

The pump was adjusted to allow the desirable amount of loading and flow rates shown in

Table 3. An electrical aerator was used to mix the system and supply enough oxygen to the

aerobic microorganisms. Non-aerated zones of the system were homogenized manually (for

the anaerobic zone) and using a suspended vertical stirrer (Hammer Drill- Type Black and

Decker) (for the anoxic zone).

Activated sludge from the sedimentation tank and mixed liquor from the aerobic tank were

recycled to the anoxic reactor in order to obtain enough MLVSS in the anoxic reactor and to

achieve low nitrate concentration in the final effluent, respectively. Activated sludge from the

clarifier was also recycled to the anaerobic tank so as to keep enough biomass concentration

in the anaerobic tank. All the recycling was done manually. Then the system was left to

operate after determining the loading rate and then adjusting the flow rate at room

temperature (20±3 oC).

3.2. Samples and sampling sites

Composite samples of brewery wastewater were collected from the compound of St. George

Beer Factory located in Addis Ababa, Ethiopia. St. George Beer Factory was established in

1922 by Emperor Haile Selassie I during which its production capacity was 100 hl of beer per

day. Currently it is owned by B.G.I. Ethiopia Private Limited Company and has a production

capacity of 1.4 million hl of beer per annum.

In order to take representative samples 24-hour flow composite samples were collected. A

total of 50 L composite sample was collected by taking 4.5 L grab samples within 2 hours

interval for 24 hours. The grab samples were collected from the point, a pond like structure,

where discharges from different brewing sections (brew house, fermentation, filtration, and

packaging) as well as from cleaning activities mix together before they leave the compound.

The wastewater samples were collected in two phases. The first phase was done from March

to May for the purpose of acclimatizing the treatment plant whereas the second phase of
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composite sample collection was done from June to August in order to evaluate the treatment

plant performance. The collected samples were transported to Addis Ababa University,

Science Faculty, characterized in the Department of Biology, Microbiology Laboratory, and

fed continuously into the prepared laboratory scale anaerobic-anoxic-aerobic bioprocess

system using a flow inducer pump.

3.3. Source of Sludge

Near neutral sludge (pH measured to be 6.59) was collected from the oxidation ponds located

in Meta Abo Beer Factory. Meta Abo Beer factory is located in Sebeta about 27 km south of

Addis Ababa. The factory has three series of ponds, having an average depth of 4.57 m, to

treat its process wastewater prior to its discharge to the environment. The sludge was

collected from the bottom of the ponds and taken with cleaned plastic Jeri-can having a

volume of 20 L. The sludge from the oxidation pond was chosen to seed the system because

it is more probable to obtain microorganisms in large amounts as sludge contains little sand

or soil and composes mostly of biomass. The other reason for using this sludge as inoculums

for the treatment of brewery effluent was that the wastewater to be treated is similar to that

from which the sludge was taken and it is more likely to get microorganisms that are highly

familiar with this type of effluent and that have the potential to treat (to remove nutrients and

organic matter from) brewery effluent. (Rittmann and Whiteman, 1994; Seyoum Leta, 2004).

3.4. Process Start Up

In order to activate the process each reactor i.e. anaerobic tank, anoxic tank and aerobic tank

was initially seeded with 5 liters of the sludge as a starter inoculums of microorganisms and

substrate and acclimatized. The acclimatization was done for about three months in order to

obtain steady state condition.

In this way the treatment efficiency of the set-up was evaluated by introducing three feeds

each with different organic loading rates (Table 3). To optimize the operational conditions of
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the system, various hydraulic retention times and organic loading rates were studied as

described by (Seyoum Leta et al., 2004). The operational parameters during the three

experimental feeds are listed in Table 3.

Table 3 Experimental bioprocess operational parameters.

Parameters
Experimental Feeds

I II III

OLR (Kg COD/m3.day) 0.5 0.75 1

Flow rate (l/day) 4.46 7.32 9.36

Hydraulic Retention

Time (day(s))

Anaerobic 2.24 1.37 1.07

Anoxic 2.24 1.37 1.07

Aerobic 4.48 2.73 2.14

The laboratory scale wastewater treatment plant was operated in such a way that the influent

from the feeding tank was pumped to the anaerobic reactor at the specified loading rates for

each feed (Table 3). The experiment was conducted in three successive feeds at room

temperature (20±3 oC). Each feed was done in duplicates having a life span of ten days for

each replicate. Each replicate was operated for a period of ten days in order to obtain a steady

state for each organic loading rate (OLR). And thus the data were collected once in every ten

days for each feed.

OLR is calculated after knowing the COD and flow rate of a treatment system (Ronnachai,

2007).
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OLR (kg COD/m3day) = Q (m3/day) x COD (kg/m3)

V (m3)

Where, OLR= organic loading rate

Q= flow rate

COD= Chemical oxygen demand

V= Volume of aerobic tank

3.5. Analyses

The wastewater samples (influent and effluent) were analyzed for Chemical oxygen demand

(COD), Total nitrogen (TN), Nitrate-Nitrogen (NO3--N), Ammonium-Nitrogen (NH4+-N),

Phosphate (PO43-) and Turbidity, colorimetrically using spectrophotometer (DR/2010 HACH,

Loveland, USA) according to HACH instructions. Prior to analysis the soluble fraction of the

wastewater samples (influent and effluent) was obtained by centrifuging at 600rpm for 10

min using a centrifuge instrument (centrifuger Model 2020, United Kingdom). Biological

oxygen demand (BOD5), Mixed Liquor suspended solids (MLSS) and Mixed Liquor Volatile

suspended solids (MLVSS) were also measured based on the methods described in standard

methods (APHA, 1998). Analyses were generally made in duplicates for each loading rate.

Removal efficiency of the above parameters was calculated based on the following formula.

(Source)

% Removal Efficiency = Cinf – Ceff X 100

Cinf

Where, Cinf = Initial parameter concentration

Ceff = Final parameter concentration

Total dissolved solids (TDS) and Electrical conductivity (EC) were measured using

conductivity/salinity meter (CC-401, Poland). Whatman No.1 filter paper was used to

determine the samples total suspended solids (TSS) following standard methods (APHA,

1998). A portable pH meter (Model 370, England) and a hand-held thermometer were used to

measure pH and temperature, respectively. Dissolved oxygen was measured using dissolved

oxygen meter (Model CO-411, Poland).



43

In order to see the characteristics of the sludge activity tests on the ammonium uptake rate

(AUR) and nitrate uptake rate (NUR) were also done according to Su and Ouyang (1997).

AUR test was carried out in a one liter cylindrical batch reactor in duplicates. For this

purpose, mixed liquor was withdrawn from the aerobic tank after 150 days of SRT and

aerated for 30 minutes before beginning the AUR test. The liquor was kept in suspension by

aeration through electrical aerator, which also provided the sludge with oxygen at a

concentration of 3 to 3.5 mg O2/l, almost similar to the level in the aeration tank. Ammonium

was added to an initial concentration of 34.6 mg NH4+-N/l by adding an appropriate amount

of ammonium sulphate and sodium carbonate mixture as nutrient solution. Then 20ml

samples of mixed liquor were drawn off at 60 minutes intervals for 4 hours. The samples

were immediately centrifuged, and the supernatant was collected for analysis of ammonium

nitrogen, and nitrate nitrogen was also included as a control. The pellet was also collected for

determination of MLSS and MLVSS. They were all measured according to the section of 3.6.

Finally the AUR was calculated from the slope of the resulting ammonium consumption

curve.

Fig.4. Laboratory set-up used for the determination of AUR.

In order to determine NUR, completely mixed, tightly closed atmosphere, one liter batch

reactors were used. Sludge was withdrawn form the anoxic tank after 150 days of SRT and

stirred in the closed reactor for 30 minutes before starting the tests. The mixed liquor from

the anoxic tank was mixed with an appropriate amount of KNO3 to initiate approximately 60

mg/l of NO3--N in the batch reactor. Sampling and analysis procedures were just like those

for the AUR test. Like the AUR test the NUR experiment was conducted in duplicate and the

NUR value was calculated from the slope of the resulting nitrate utilization curve.
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Fig.5. Laboratory set-up for the determination of NUR.

3.6. Data Analysis

The data collected on different parameters were subjected to mean value and graphs were

drawn using Microsoft Excel program 2007 version (Microsoft Office, 2007).

4. Result and Discussion

4.1. Wastewater Characteristics
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The results obtained from the laboratory analysis of raw brewery wastewater revealed that

brewery effluent had a COD value ranging from 1860 mg/l to 3880 mg/l with an average

value of 2390±233.332 mg/l (Table 4). This COD value was within the range reported by

Driessen and Vereijken (2003) (2000 mg/l to 6000 mg/l). However, the obtained average

BOD5 value of the wastewater (565±33.48 mg/l) (Table 4) found to be lower than the range,

1200 mg/l to 3,600 mg/l, reported by the same authors. The high organic loads in the

wastewater arise from dissolved carbohydrates, the alcohol from beer wastes, and a high

content of suspended solids, such as spent grain, malt and yeast. It is also explained in many

reports that the raw materials like malt and adjuncts, and the discharge of trub, weak wort,

surplus yeast, emptying and rinsing of process tanks, pre- and after- runs of kieselguhr

filteration and drip beer could possibly be the sources of high COD and BOD5 in the

wastewater (EEC, 1997; The Breweries of Europe, 2002; Driessen and Vereijken, 2003,

Parawira et al., 2005). The low BOD5 value of the wastewater could be resulted from

variation in the amount of beer loss during packaging, filtration as well as discharging of

yeast after fermentation. The high amount of water consumption for different purposes and

thus the release of high amount of water as a waste have also contributed to the low BOD5

value of the wastewater through dilution effect.
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Table 4 Characteristics of raw brewery wastewater used in the study and given by Driessen

and Vereijken (2003) (concentrations are in mg/l except for pH, Electrical

Conductivity, Turbidity and Temperature)

Parameter Average values Range
Driessen and Vereijken

(2003)

COD 2390±233.33 1860-3880 2,000-6,000

BOD5 565±33.48 484-636 1,200-3,600

TN 59.08±4.4 44-78 25-80

PO4-3 63.03±11.08 31.9-121.7 10-50

NH4+-N 32.4±5.5 12.2-54.2 -

NO3- -N 20±2.63 13-36 -

TSS 2663.3±768.0 792.9-5048 200-1000

pH 7.4±0.6 6.02-10.8 3-12

Temperature

(oC)
27.6±1.3 23-34 18-40

TDS 1669.3±257.6 761-2500 -

EC (µS/cm) 2603±183.3 1731-3260 -

Turbidity (FAU) 1118.1±227.09 590-2190 -

The brewery wastewater was also characterized for its nutrients (N and P) contents. From the

obtained result, the brewery effluent had TN that ranged from 44 mg/l to 78 mg/l and TP in

terms of PO4-P which ranged from 31.9 mg/l to 121.7 mg/l with average values of 59.08±4.4

mg/l and 63.03±11.08 mg/l, respectively (Table 4). These values were within the range

reported by Driessen and Vereijken (2003). However, in some cases the obtained PO4-P was

higher than 100 mg/l which agreed with the value given by UNEP (1995) and The Breweries

of Europe (2002). The raw materials malt and adjuncts, nitric acid used for cleaning and the

amount of spent yeast present in the effluent could be the sources of nitrogen in the
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wastewater (SEPA, 1991; de Vegt et al., 1992; UNEP, 1995; Driessen and Vereijken, 2003).

Driessen and Vereijken (2003) indicated that the concentration of TN in the wastewater

depends on water ratio, amount of yeast discharged and cleaning agents used. The high PO4-3

levels obtained in the study could be attributed to the use of phosphorous containing

chemicals like phosphoric acid used in the CIP units and the variation in the concentration

resulted from the variation in the amount of cleaning agents used as explained by UNEP

(1995), The Breweries of Europe (2002) and Driessen and Vereijken (2003).

Other forms of nitrogen (NH4+-N and NO3--N) were also found in the raw wastewater in

concentrations ranging from 12.2 mg/l to 54.2 mg/l and 13 mg/l to 36 mg/l for NH4+-N and

NO3--N, respectively, (Table 4). The sources of these nitrogen forms could be malt

processing followed by protein hydrolysis for NH4+-N, and NO3--N might emanate from

dissociation of the nitric acid used in the CIP units as well as ammonification and nitrification

of the ammonium nitrogen in the wastewater during the periods of sample collection and

transportation for analysis.

The TSS analysis of the wastewater gave values ranging from 792.9 mg/l to 5048 mg/l (Table

4) which were extremely higher than the TSS value (200-1000 mg/l) for brewery wastewater

reported by Driessen and Vereijken (2003). When compared with the TSS discharge limits

for breweries set by EEPA (2003) and World Bank (1997) (50 mg/l) the TSS value obtained

in this study is considerably high. Brewing activities like malt processing, filteration and

packaging could be the cause for the high TSS values. This can be supported by the report

and Driessen and Vereijken (2003) which indicated that brewery solids mainly consisted of

spent grains, kieselguhr, surplus yeast, trub and possible label pulp from the bottle washer.

The wastewater analysis also showed pH values ranging from 6.02 to 10.8 pH units (Table 4)

which were within the wide range (2-12) pH values given by different reports (The Breweries

of Europe, 2002; Driessen and Vereijken, 2003) for the discharges from different sections of

a brewery. However, for the combined brewery effluent the average pH value reported is

about 7. The variation in the wastewater’s pH could be attributed to the batch processing

nature of the brewery and the amount and type of chemicals (e.g. caustic soda, phosphoric

acid, nitric acid, etc.) used at the CIP units.
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On site measurement of the wastewater temperature revealed a temperature range of 23oC to

34oC (Table 4). This temperature range was well below the temperature limit set by EEPA

(2003) (40oC) and a bit higher than the limit set by World Bank (1997) (≤ 30oC) for direct

discharge of brewery effluent to surface waters. Release of water used for cooling purposes

and boiling activities in the brewing process could be responsible for the increased

wastewater temperature. The weather condition during sampling, most of which was cold

weather, as well as the cold water release from the water treatment facility and cleaning

activities might be accounted for the insignificant wastewater temperature increase.

The variations observed in the analysis of the different physico-chemical parameters while

characterizing brewery wastewater prior to feeding could be the result of batch type of

operations by breweries. This is supported by different literatures in that brewery wastes are

extremely variable due to variation in production activity by season, by day of the week and

by the time of day (SEPA, 1991; de Vegt et al., 1992; UNEP, 1995; EEC, 1997; The

Breweries of Europe, 2002; Driessen and Vereijken, 2003).
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4.2. Process performance of the Laboratory scale Treatment plant

The results of this part of the study were obtained from a laboratory scale anaerobic-anoxic-

aerobic treatment plant used for treating the brewery effluent.

One of the most important operational parameter in wastewater treatment systems is organic

loading rate (OLR). Thus the laboratory scale wastewater treatment plant, used in this study,

was operated at three different OLRs in order to determine the optimum OLR for the highest

nutrients (carbon, nitrogen and phosphorous) removal. For this purpose effluent

concentrations of COD, BOD5, TN, NH4+-N, NO3--N, PO4-3, TSS, TDS, EC, pH and turbidity

were determined for each OLR. And the process performance of this laboratory scale

treatment plant was monitored regularly in the three experimental feeds for the parameters

COD, BOD5, TN, NH4+-N, NO3--N, PO43- , TSS, TDS, EC, pH and turbidity. Influent and

average effluent characteristics of the wastewater samples at different organic loading rates

are illustrated in Table 5.
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Table 5 Influent and average effluent wastewater characteristics for the three experimental

feeds (concentrations are in mg/l except for pH, conductivity and turbidity).

Parameter

Feed I (OLR 0.5 kg
COD/m3 day)

Feed II (OLR 0.75 kg
COD/m3 day)

Feed III (OLR 1 kg
COD/m3 day)

Influent Effluent Influent Effluent Influent Effluent

PO4-3 55.0 11.0±0.8 78.3 16.5±0.21 121.7 40.4±5.6

TN 71 21.5±2.5 70 22.7±1.9 78 35.9±1.1

NH4+-N 39 1.7±0.39 26 1.6±0.40 12.2 1.5±0.42

NO3- -N 36 17.6±2.4 23 12.3±1.5 21 11.7±0.70

COD 2240 62±18 2050 72±8.0 2140 94±4

BOD5 636 46 600 50 540 58

pH 10.8 8.8±0.32 6.08 8.8±0.15 7.0 8.4±0.03

TSS 5048 75.3±18.7 3940 461±39 4025 495±5.0

TDS 1482 75.4±0.94 1080.2 456.5±6.5 761 342±5

EC

(µS/cm) 3260 121.06±46.9 2396 376.2±4.2 1731 626.2±73.9

Turbidity

(FAU) 849 45.5±0.5 2068 60.5±28.5 2190 36±4
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4.3. Effect of OLR on Nutrient Removal Efficiency

4.3.1. Effect of OLR on Phosphate Removal Efficiency

The influent and effluent phosphate concentrations in this study are illustrated in Fig. 4.

Fig.6. Phosphate concentrations in the influent and effluent wastewaters.

As can be seen from Fig.6, phosphate concentrations for the three feeds were 55 mg/l, 78.3

mg/l and 121.7 mg/l in influent coupled with 12 mg/l, 16.5 mg/l and 40.4 mg/l in effluent,

respectively.

From the obtained result the average phosphate removal efficiencies of the treatment plant in

the three consecutive feeds were 80.03 %, 78.9 % and 66.8% (Fig. 7). Although these

removal efficiencies did not fall in the category of good performance (removal efficiency of

more than 90 % (Syeoum Leta et al., 2004)), they were indicative of better performance by

the bioprocess in removing phosphate when compared with the work of Alemayehu

Hailemicael (2006). The author on the treatment of malt factory effluent using anoxic-aerobic

bioprocess system reported low removal efficiencies (38 %, 61.3 % and 38.7 % at a loading

rate of 0.5, 1.368 and 1.782 kg COD/m3 day, respectively) of phosphate. According to
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Alemayehu Hailemicael less adaptation of microorganisms and absence of anaerobic phase in

the design could be the cause for the low phosphorous removal. Indeed the presence of an

anaerobic zone in the treatment plant is compulsory in order to obtain significant BPR

(Davelaar et al., 1987). The result of this study also showed that anaerobic phase contributed

to improve phosphorous removal brewery wastewater.

Fig.7. Removal efficiency of phosphate by the laboratory scale A/A/A treatment plant.

The result of this study was comparable with the P removal efficiency reported by Yong Ma

et al. (2005) using the same process design fed with synthetic brewery wastewater. They have

reported P removal efficiency as high as 98 % at higher (higher than 32) COD: P feeding

ratio. The relationship between phosphorus removal and COD:P feeding ratio has been

evaluated by many workers. These workers indicated that as the ratio increased the removal

efficiency increased too (Stephens and Stensel, 1998; Erdal et al., 2000; Yagci et al., 2003;

Taru et al., 2005; Yong Ma et al., 2005; Peng et al., 2006). In this study the ratio of COD: P

was 40.77, 26.18 and 17.58 for the three feeds, respectively, giving relatively the maximum

phosphate removal efficiency at the highest ratio.

Peng et al. (2006) also showed up to 97.4 % total phosphorus removal efficiency at higher

nitrate nitrogen recycling from aerobic to anoxic zones while treating synthetic brewery

wastewater using A/A/A process. Similarly, Huang et al. (2008) using the same laboratory

scale A/A/A system obtained maximum phosphorous removal efficiency of 93 % at HRT of 8
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hours and SRT of 15 days while treating municipal wastewater. These removal efficiencies

reported by different researchers were better than that of this study. The lower removal

efficiencies of this study could be associated with different factors like variations of

temperature, steadiness of flow and feed flow rates which have a direct impact on the

microorganisms’ metabolic activity.

One possibility for phosphorous removal in this study could be the consumption of

phosphorus for normal growth and metabolism by microorganisms. Lin et al. (2003) also

suggested that P removal capability of activated sludge could be due to the increase in the

populations of bacteria with activity of P removal. The other possibility for phosphorous

removal in this study might be luxury uptake of the phosphorous by special group of

microorganisms, polyphosphate accumulating organisms (PAOs). PAOs take up more

phosphorous beyond their metabolic requirement and store it intracellularlly in special

granules, volutin granules. Adsorption of phosphorous by the activated sludge coupled with

the removal of excess sludge might also be one of the reasons for the phosphorous removal

by the bioprocess.

The relatively low phosphate removal by the bioprocess might be attributed to the presence of

nitrate in the influent which could affect phosphorous release in the anaerobic zone. The

nitrate nitrogen concentrations of the raw wastewater for the three feeds were 36 mg/l, 23

mg/l and 21 mg/l (Table 5), respectively. There is a linear relationship between phosphorous

release in the anaerobic zone and phosphorous uptake in the aerobic zone (Marais, 1983;

Erdal et al., 2000). The presence of nitrate nitrogen in the anaerobic zone would negatively

affect phosphorous release and the overall phosphorous removal efficiency (Taru et al., 2005).

Since nitrate nitrogen in the anaerobic phase results in consumption of considerable carbon

source for denitrification there; this in turn results in less carbon source availability for anoxic

phosphorous uptake and less phosphorous release (Peng et al., 2006). However, in this study

the maximum PO4-3 removal efficiency (80.03 %) was achieved in the first feed during which

the influent nitrate nitrogen was the highest (36 mg/l). This can be explained by the high

amount of COD available in the influent which might be enough to both denitrify the nitrate

and facilitate the phosphorous release in the anaerobic reactor. In other work under taken by

Gerber et al. (1986) phosphorus release was observed in the presence of nitrate when formate,

acetate and propionate were added. In their study the addition of acetate and propionate both

resulted in a rapid release of phosphorus and simultaneous rapid consumption of nitrate and
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substrate, which are consistent with the results of this study. Whereas during the second and

third feeds the relatively deceased phosphate removal efficiencies by the treatment plant

might result from presence of less carbon source in those feeds (that have shown a decreased

COD concentration).

The other possible reason for the low phosphate removal by the treatment plant could be

continuous increase of internal recycling. Taru et al. (2005) indicated that continued increase

in internal recycling results in the heterotrophic non-phosphorus accumulating bacteria

having a competitive advantage over phosphorus accumulating bacteria. This is because as

internal recycle ratio increases the possibility of increasing dissolved oxygen levels in the

anoxic reactor increases and the heterotrophic bacteria would end up using oxygen as an

electron acceptor in stead of nitrate and thus denitrifying phosphorous accumulating

organisms become unable to perform their function. This might resulted in reduced

phosphorus removal efficiency. On the other hand, Akin and Ugurlu (2004) indicated that in

the presence of high nitrate concentration in the aerobic stage the P uptake rate affected. In

this study, also the successful nitrification coupled with the lower nitrate removal efficiency

by the treatment system might contribute to the lower phosphate removal efficiency.

The removal of phosphorous is affected by the retention time among other important

parameters in activated sludge processes. And the flow volume as well as the recycle ratios

determines the HRT and SRT in activated sludge systems. In this study as the organic

loading rate increased the HRT decreased which in turn decreased the phosphorous removal

efficiency of the system as the HRT becomes too low to allow the process to occur at

optimum levels (Table 3 and Table 5). Thus, it is the lowest organic loading rate with the

highest HRT that resulted in slightly higher removal efficiency when compared with the rest

of the feeds.

4.3.2. Effect of OLR on Total Nitrogen, Ammonium Nitrogen and Nitrate Nitrogen

Removal Efficiency

There was also a variation in total nitrogen, ammonium nitrogen and nitrate nitrogen removal

efficiencies with OLR. The total nitrogen initially found in the influent was 71 mg/l, 70 mg/l,

and 78 mg/l for OLRs of 0.5, 0.75 and 1Kg COD/m3day, respectively, (Table 5). The

maximum average TN removal efficiency (67.6 %) was obtained at the OLR of 0.5 Kg

COD/m3day while the removal at 0.75, and 1Kg COD/m3day were 65.5 %, and 54 %,
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respectively, (Fig.8). This TN removal efficiency is not considered as effective compared to

90 % removal efficiency reported by Seyoum Leta et al., 2004 on a similar system on a

tannery wastewater.

Fig.8. Total nitrogen removal efficiency of the laboratory scale A/A/A treatment plant.

The maximum total nitrogen removal efficiency obtained in this study was higher than the

values reported by Mosquera-Corral et al. (2003) and Morgan-Sagastume et al. (1994). With

a similar set-up used to treat fish cannery wastewater Mosquera-Corral et al. (2003) reported

20-60 % removal of nitrogen. In the same way Morgan-Sagastume et al. (1994) reported 60

% of N removal from domestic wastewater by the combined system (A/A/A). This might be

corresponding to the initial total nitrogen concentration of the wastewater. When compared to

the brewery wastewater, the total nitrogen in the fish cannery and in the domestic

wastewaters reported by these researchers was higher than that in the brewery wastewater.

On the other hand Huang et al. (2008) reported about 70 % total nitrogen removal efficiency

at 25 days SRT using the same set-up for treating municipal wastewater. However, Yong Ma

et al. (2005) showed reduction of influent total nitrogen by 75-84 % in the treatment of

synthetic brewery wastewater using the same laboratory scale A/A/A bioprocess. This
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discrepancy in removal efficiencies might be associated with the composition of sludge

microorganisms, strength of the wastewater and variation in sludge ages.

The possible reasons for the decreased total nitrogen concentration in this study might

include ammonification and then nitrification of the total nitrogen as well as microbial cell

synthesis.

The lower TN removal efficiency by the bioprocess in this study might be attributed to the

inadequate amount of nitrate recycle for denitrification. Peng et al. (2006) showed that when

recycling is kept zero, the anoxic zone become anaerobic and TN removal was below 30 %.

Effluent N was mainly discharged in the form of nitrate nitrogen in the A/A/A system (Yong

Ma et al., 2005). As the recycling ratio increases the availability of nitrate for denitrification

also increases which in turn increases the nitrogen removal efficiency of the system

(Mosquera-Corral et al., 2003). Similarly, Peng et al. (2006) reported TN removal efficiency

of A/A/A process up to 82.7% at higher nitrate nitrogen recycling from aerobic zone to

anoxic zone while treating synthetic brewery wastewater. On the other hand, higher recycling

is also believed to result in increased dissolved oxygen levels in the anoxic zone of the

bioreactor and the heterotrophic bacteria would end up using oxygen as an electron acceptor

instead of NO3--N (Taru et al., 2005). Thus, in this study increased recycling following the

increase in flow volume as OLR increased might caused the decreased TN removal efficiency

as the OLR increased.

In the study the ammonium nitrogen concentration was regularly checked in each reactor for

the three feeds. And it was observed that following anaerobic phase the concentration of

ammonium nitrogen increased from 39 mg/l to 64.9 mg/l, 26 mg/l to 51.2 mg/l, and 12 mg/l

to 54.5 mg/l in the respective OLRs (Fig. 9). Wallace (2001) and Akin and Ugurlu (2003)

also observed a similar increase in the concentration of ammonium nitrogen in the anaerobic

phase. However, following anoxic and then aerobic treatment in the laboratory scale

bioprocess ammonium nitrogen was subsequently reduced.
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Fig.9. Influent, anaerobic, anoxic and aerobic reactors, and effluent ammonium nitrogen

concentrations for the three feeds.

Nitrification was stable despite the wide variability in influent NH4+-N concentration from

12.2 mg/l to 39 mg/l with average effluent ammonium nitrogen concentration of 1.69±0.39

mg/l, 1.62±0.40 mg/l and 1.48±0.42 mg/l, respectively, in the three feeds (Fig. 9). The

highest removal efficiency of NH4+-N by the bioprocess was obtained at OLR of 0.5 Kg

COD/m3 day. In spite of the variation in OLR, the removal efficiencies of NH4+-N for the

three experimental feeds were satisfactory (95.7 %, 93.8 % and 87.9 %, respectively, Fig. 10).

According to Syeoum Leta et al. (2004) these removal efficiencies in most of the cases show

good performance of the treatment plant.
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Fig. 10. Ammonium nitrogen removal efficiency of the laboratory scale A/A/A treatment

plant.

The increased amount of ammonium nitrogen in the anaerobic samples attributed partly to

ammonification and hydrolysis processes that convert some of the total nitrogen into

ammonium nitrogen. Where as the decrease in the subsequent reactors could be due to

assimilation process in the anoxic reactor and assimilation and nitrification processes in the

aerobic reactor. The AUR test that indicated higher nitrification efficiency supports this.

The ammonium nitrogen removal observed in this study was comparable with the result of

Yong Ma et al. (2005) (ammonium removal efficiency of 90 % or higher) and Gohil and

Nakhla (2006) (nitrification efficiency of 99.5 %) while treating synthetic brewery and

tomato processing wastewaters, respectively, using similar A/A/A biological processes.

Mosquera-Corral et al. (2003) had also showed the possibility of achieving 80-100 %

ammonia removal efficiency while treating fish cannery wastewater using a combined system

composed of sequentially arranged reactors, A/A/A reactors.

The NH4+-N removal efficiency of the plant in this study might indicate good aeration

process in the aerobic reactor that resulted in successful nitrification. The results of the

effluent NH4+-N suggest that the effluent is meeting the standards for safe disposal of NH4+-N

as its concentration is less than the provisional standard (20 mg/l) set by Ethiopian EPA

(EEPA, 2003) for breweries. On the other hand, low nitrate removal efficiency of the plant
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could suggest high nitrification capacity of the aerobic reactor where the oxidation of

ammonium nitrogen into nitrite and nitrate nitrogen by nitrifiers would be possible. The AUR

test also indicated as the ammonium nitrogen concentration decreased that of nitrate nitrogen

increased demonstrating the nitrification process in the system.

According to Hanaki et al. (1990) and Wiesmann (1994) the nitrification process can be

influenced by the COD concentration present in the feed as a result of the competition

between heterotrophic and nitrifying bacteria. The relatively low removal efficiencies of

ammonium nitrogen for the OLRs 0.75 and 1 Kg COD/m3day in the study might correspond

to the relatively high amount of COD in the aerobic zone for these feeds (which gave lower

COD removal efficiency). This might caused the competition between ordinary heterotrophic

and nitrifying bacteria for oxygen in the aerobic reactor which, in turn, resulted in the

reduction of nitrification efficiency.

Figure 11 illustrates the influent and effluent nitrate nitrogen concentration variation during

the three experimental feeds. As can be seen from Table 5 and the Figure effluent nitrate

concentration showed a decrease from 36 mg/l to 17.6±2.4 mg/l, from 23 mg/l to 12.3±1.5

mg/l and from 21 mg/l to 11.70±0.70 mg/l for the three feeds, respectively.

Fig.11. Nitrate nitrogen concentration in the influent and effluent wastewaters
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As shown in Figure 12 the obtained removal efficiencies of the treatment plant for nitrate

nitrogen were 51.06 %, 46.5% and 44.3 % for the OLRs 0.5, 0.75 and 1 Kg COD/m3 day,

respectively. The slightly (relative to the other feeds) high removal efficiency of nitrate and

phosphate at OLR 0.5kg COD/m3day could somehow indicate the contribution of the anoxic

zone to the removal of phosphorus. The observation made by Erdal et al. (2000) supports this

in that nitrate can be utilized as an electron acceptor by PAOs for the oxidation of stored

PHAs and simultaneous P-uptake.

Fig.12. Removal efficiency of the nitrate nitrogen by the laboratory scale A/A/A treatment

plant.

The low nitrate nitrogen removal by the system might be an indication of the success of

nitrification by nitrifiers in the aerobic reactor. On the other hand the incomplete

denitrification might result from the presence of insufficient COD in the anaerobic effluent.

Peng et al. (2006) observed that considerable amount of carbon source consumption in the

anaerobic reactor for denitrification. The other possible reason for the higher nitrate nitrogen

concentration in the effluent could be the manual recycling of the mixed liquor from the

aerobic reactor and return activated sludge from the sedimentation tank to the anoxic one.
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4.4. Effect of OLR on COD and BOD removal Efficiency

During all periods of the experiments a high degree of organic carbon removal was noted.

However, the COD and BOD5 removal efficiencies showed a gradual decrease from OLR of

0.5 to 1Kg COD/m3day. Regardless of the OLR, COD removal of approximately 90 % or

higher was obtained for all experimental feeds. Such result might arise from the microbial

composition and the higher metabolic activity in the bioreactors which utilize the COD as a

source of carbon and energy. Table 5 and Fig.13 illustrate the variation of effluent COD and

BOD5 concentrations and their removal efficiencies, respectively, with varying organic

loading rates in the laboratory scale A/A/A treatment plant. The COD concentration was

reduced by 97.2 % at OLR of 0.5 Kg COD/m3day. Nearly, similar but a bit lower COD

removal efficiency (96.4 %) was observed when OLR was 0.75 Kg COD/m3day during which

the COD concentration was reduced from 2050 mg/l to 72±8.0 mg/l. When the organic

loading rate was increased to 1 Kg COD/m3day a decreased COD removal efficiency of (95.6

%) was observed. Therefore, the highest COD removal was obtained at OLR of 0.5 Kg

COD/m3day.

Fig.13. COD and BOD5 removal efficiencies of the laboratory scale A/A/A treatment plant

The BOD5 removal efficiency of the system showed the same pattern with COD removal. As

seen from Fig.13 at OLR of 0.5 Kg COD/m3day effluent BOD5 concentration was 46 mg/l

which was the lowest effluent BOD5 concentration in the study. The highest BOD5 removal
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efficiency of the treatment plant (92.8 %) was also obtained at OLR of 0.5 Kg COD/m3day

and did not vary considerably at OLR of 0.75 Kg COD/m3day, 91.7 %. However, further

increase in the OLR to 1 Kg COD/m3day resulted in decreased removal efficiency of 89.3 %.

As indicated in the above results the COD and BOD5, which are commonly used to

characterize the utilizable carbon and/or organic load on such wastes, showed a significant

decrease in the effluents. Utilization of the organic matter as energy and carbon sources by

microorganisms in the activated sludge might be the basis for the decreased COD and BOD5

concentrations in the effluent. A similar conclusion was also made by Pansuwan et al. (1999)

and Isik and Sponza (2004). They noted that the rate of COD and BOD5 removal efficiencies

appeared to be directly related to the level of metabolic activity of the sludge organisms.

The removal efficiencies for such parameters in this study were comparable with the result

obtained by Ouyang et al. (1998) (90.27 % COD removal from municipal wastewater) using

a hybrid (Anaerobic/Anoxic/Aerobic) nutrient removal process and Gohil and Nakhla (2006)

(95.6 % COD and 98.5 % BOD5 removal from the treatment of tomato processing wastewater)

by an upflow anaerobic sludge blanket/anoxic/aerobic system. Further in a study conducted

by Yong Ma et al. (2005) excellent COD removal efficiency (90 % or higher) was reported

while treating synthetic brewery wastewater using the same system.

The high removal efficiencies of COD and BOD5 found in this study during start-up and early

operation might be attributed to the successful acclimatization of the biomass to the influent

wastes. The other reason might be the presence of high nitrogen to support biomass (due to

high nitrogen concentration of the raw wastewater) (Wallace, 2001; Ammary, 2004). Higher

COD removal in the bioprocess might also be associated with nutrients (nitrogen and

phosphorous) removal in the anoxic and aerobic reactors (Seyoum Leta, 2004). On the other

hand, the removal efficiencies were slightly reduced when OLR was increased to 1 Kg

COD/m3day, which was the highest OLR in this study.

The analytic results provide some information that the optimum organic load fed into the

treatment system (0.5 kg COD/m3day) made it possible to attain the discharge requirement

permits of COD and BOD of brewery wastewater into surface waters set by EEPA (2006)

(Table 6). The discharge limit for breweries effluent COD and BOD5 set by Ethiopian

Environmental Protection Authority for safe disposal are 250 mg/l and 60 mg/l, respectively.



63

Comparison of the influent and effluent concentrations obtained in this study against the limit

set by Ethiopian EPA for safe disposal of brewery effluent to surface water is given in Table

6.

Table 6 Concentrations (in mg/l except for pH) of selected parameters in the influent and

effluent wastewaters against the provisional limits given by Ethiopian EPA.

Parameter

Feed I (OLR 0.5 kg

COD/m3 day)

Feed II (OLR

0.75kg

COD/m3 day)

Feed III (OLR 1 kg

COD/m3 day)
Limit set

by EEPA

Influent Effluent Influent Effluent Influent Effluent

PO4-3 55 11±0.8 78.3 16.5±0.21 121.7 40.4±5.6 5

TN 71 21.5±2.5 70 22.7±1.9 78 35.9±1.1 40

NH4+-N 39 1.7±0.39 26 1.6±0.40 12.2 1.5±0.42 20

NO3- -N 36 17.62±2.4 23 12.3±1.5 21 11.7±0.70 -

COD 2240 62±18 2050 72±8.0 2140 94±4 250

BOD5 636 46 600 50 540 58 60

pH 10.8 8.8±0.315 6.08 8.80±0.15 7.0 8.4±0.03 6 – 9

TSS 5048 75.3±18.7 3940 461±39 4025 495±5.0 50

A decrease in the concentration of the different parameters in the effluent was compared with

the provisional standards for these parameters set by Ethiopian EPA (2003) (Table 6). As

shown in the table the effluent concentration of all the parameters except phosphate and TSS

were within the allowable discharge limits in all the experimental feeds. The phosphate and

TSS concentration did not meet the provisional standard in any of the feeds, but showed close

proximity to the allowable discharge limits during the first feed (Table 6).

Although the system achieved slightly higher removal efficiencies during the lowest organic

loading rate (0.5 kg COD/m3day) for all parameters, the bioprocess have shown the potential

to treat such wastes at high organic load (1kg COD/m3day). At the highest OLR the

phosphate concentration decreased from 121.7 to 40.4± 5.6 mg/l signifying the efficiency of
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the bioprocess to treat such wastes at low HRT. In the same way the removal efficiencies of

the set up for other parameters at this loading rate were satisfactory. This showed that the set

up was effective in treating brewery wastewater at highest organic loading rate in terms of the

HRT and the achieved removal efficiencies when compared with other feeds.

4.5. Biodegradability

The BOD5/COD ratio was used to investigate the biodegradability of brewery wastewater.

Table 7 The BOD5/COD ratio of the influent wastewater for the three feeds.

Experimental Feeds BOD5/COD

I 0.28

II 0.29

III 0.25

The BOD5/COD ratio of the wastewater obtained from this finding for the three feeds were

0.28, 0.29 and 0.25 (Table 7). These ratios were less than the reported BOD5/COD ratios

(0.59-0.67) for brewery effluents by Kilani (1993) and Strydom et al. (1993) but more than

the values obtained in monitoring exercise for brewery effluent treatment plant that gave a

BOD5/COD ratio of 0.18 for opaque beer brewing plants in Bulawayo, Zimbabwe (Ikhu-

Omoregbe et al., 2004). The findings of this study indicated that the BOD5/COD ratios of the

wastewater fall between these two values showing the biodegradability nature of the

wastewater.

Generally, wastewater is considered biodegradable when the BOD5/COD ratio is above 0.25.

If the ratio is less than 0.25, the wastewater is difficult to be biodegraded (Laing, 1991; An et

al., 1996; Chun and Yizhong, 1999). In this study the obtained ratio was above (for the I and

II feeds) and equal to (for the III feed) 0.25, signifying the bio-treatability of the wastewater.
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4.6. Process stability of the bio process/measurements of dissolved oxygen, pH and

biomass.

The measurements of dissolved oxygen (DO), pH and biomass in the three reactors were used

to monitor the stability of the bioprocess. The biomass was measured as total suspended

solids (TSS) and volatile suspended solids (VSS) in the anaerobic reactor and mixed liquor

suspended solids and mixed liquor volatile suspended solids (MLVSS) in the anoxic and

aerobic reactors. The DO concentration range of the three bioreactors throughout the

experiment is illustrated in Table 8.

Table 8 DO levels (in mg/l) of the three bioreactors throughout the study.

Experimental Feeds

(kg COD/m3day)
Anaerobic Anoxic Aerobic

0.5 0.0-0.05 0.49-1.2 3.5-5.6

0.75 0.0-0.08 0.11-1.02 3.16-5.3

1 0.0-0.33 0.15-1.2 3.5-5.05

DO is the compulsory environmental factor for nitrification as well as phosphorus uptake in

complete BNR. Many studies indicated that biological processes in the aerobic reactor like

nitrification and phosphorus uptake maximized at DO concentration greater than 2 mg/l

(Surampalli et al., 1997). As it can be seen from Table 8 there was a successful aeration

process in the aerobic reactor that kept the DO level above 2 mg/l. In this study the minimum

DO level in the aerobic reactor was 3.16 mg/l which is well above the aforementioned DO

value. The higher nitrification obtained throughout the study strengthen this observation.

Table 9 shows the average pH profile during the experimental period. As indicated in Table 9

pH values were ranged from 6.08 to 10.8 and 8.47 to 8.59 in the influent and effluent samples,

respectively.
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Table 9 Average pH of influent, anaerobic, anoxic and aerobic reactors, and effluent across

the three phases.

Experimental

Feeds (kg

COD/m3 day)

Influent Anaerobic Anoxic Aerobic Effluent

0.5 10.8 8.6 8.10 8.5 8.49

0.75 6.08 7.6 8.3 8.4 8.47

1 7.0 7.3 8.3 8.6 8.59

From Table 9 it can be seen that there was a decrease in the pH value in the anaerobic reactor

during the first feed. This could be attributed to the production of volatile acids resulted from

the degradation of organic compounds like sugars present in the influent feed. Here high

molecular weight organic contents might be converted to low molecular weight organic acids

and consequently to carbon (IV) oxide. The carbon (IV) oxide also dissolved in water to give

carbonic acid (H2CO3) which lowered the pH. Sen and Demirer (2003) and Rahel Muche

(2007) also observed a decrease in effluent pH values (around 9) following anaerobic

treatment of textile wastewater (with a pH value of around 11) using fluidized bed reactor

and anaerobic-aerobic bioprocess, respectively.

However, during the rest of the feeds a slight increase in the pH values of the anaerobic

reactor was observed. This may be partly attributed to the hydrolysis of organic nitrogen to

ammonium nitrogen. And the degradation of organic proteins in the influent by anaerobic

treatment resulted in the generation of alkalinity due to the reaction of ammonia with CO2

and water (Guerrero et al., 1993; Gerardi, 2003) which in turn increased the pH value of the

anaerobic reactor.

The different responses of the anaerobic reactor for the three feeds with wide variation in pH

imply that the system was operating towards neutral pH (Table 9). In a study by Parawira et

al. (2005) on industrial anaerobic treatment of opaque brewery wastewater using a full-scale

UASB it is indicated that the effluent from an anaerobic reactor had a pH value between 6.5

and 7.3, showing the pH characteristics of anaerobic reactor which somehow agree with the

result of this study.
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In the subsequent anoxic reactor the pH value showed a further decrease for the first feed

(with high influent pH) but again increased for the second and third feeds. Probably the high

ammonium nitrogen is the factor. In the aerobic reactor increased pH values were observed in

all the three feeds. The minimum pH value obtained in the aerobic reactor throughout the

study was 8.4 (Table 9) which is in the optimum pH range (7.5-9.0) for nitrification given by

Surampalli et al. (1997). Although nitrification is an alkalinity reduction process, successful

nitrification resulted from a good aeration process in the aerobic reactor increased the pH.

This might be attributed to the aeration process that strips the CO2 from the wastewater which

in turn increase alkalinity (Surampalli et al., 1997). Akin and Ugurlu (2004) also observed an

increase in pH in the aerobic reactor when NH4+-N concentration reached the minimum level

which is in line with the result of this study.

The quantity and activity of microorganisms in a bioreactor are two critical parameters which

determine the reactor’s performance in wastewater treatment (Hong, 2004). The standard

method of determining the biomass quantity is to measure the TSS or VSS (Ali et al., 1985).

In numerous studies, the measure of VSS in the anaerobic reactor was taken as an indication

of the increase in biomass concentration (O'Neill et al., 2000b; Bell and Buckley, 2003; Isik

and Sponza, 2004). During acclimatizing period MLVSS concentration in the three reactors

was in the range of 650-6080 mg/l. After acclimation the MLVSS concentration in the three

reactors throughout the study is shown in Table 10.

In this study measurement of VSS in the anaerobic reactor revealed increased biomass

accumulations in all the experimental feeds the highest of which was attained at OLR of 0.5

kg COD/m3day. This phenomenon was related to the production of bacterial biomass with the

corresponding utilization of the wastewater as carbon as well as nutrients (nitrogen and

phosphorus) and energy sources. The obtained higher COD, BOD5, NH4+-N, TN and TP

removal efficiencies could be somewhat associated with the increase in the amount of VSS

produced during this experiment (at OLR of 0.5Kg COD/m3day). However, when the organic

loading rate was increased to 0.75 and then to 1Kg COD/m3day, the bacterial biomass

decreased (as indicated by the values of VSS) (Table 10), with the corresponding decrease in

the COD, BOD5, NH4+-N, TN and TP removal efficiencies of the treatment plant.
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Table 10 TSS and VSS values of the anaerobic reactor and MLSS and MLVSS values of the

anoxic and aerobic reactors.

Parameter Experimental Feeds

OLR (kg COD/m3 day) 0.5 0.75 1

TSS (gm/l) 22.7 22.6 22.4

VSS (gm/l) 6.09 6.01 5.9

MLSS (gm/l)
Anoxic 5.6 4.1 3.9

Aerobic 4.2 3.3 2.6

MLVSS (gm/l)
Anoxic 2.0 1.5 1.40

Aerobic 2.2 1.9 1.7

Similarly, when compared with the biomass concentration during acclimatizing period an

increased biomass accumulation was also noted in the anoxic and aerobic reactors. The

highest MLVSS concentration achieved at the lowest organic loading rate (0.5 kg

COD/m3day). As shown in Table 10, when the treatment plant was operated at OLR of 0.5

Kg COD/m3day the MLSS and MLVSS in the aerobic reactor were 4.2 and 2.2 g/l,

respectively. With an organic loading rate of 0.75 Kg COD/m3day, the biomass in the reactor

was 1.9 g/l and was decreased to 1.7 g/l for OLR of 1Kg COD/m3day. The COD, BOD5,

NH4+-N, TN and TP removal efficiencies in the system showed a decreasing trend with

increasing OLR which might be associated with the decrease in MLVSS in those OLRs. In

this study, the observed removal efficiency was slightly matched with the highest MLVSS of

the system. This is because; the MLVSS in activated sludge is proportional to the active

microbial biomass in the system (Sidat et al., 1998; Metcalf and Eddy, 2003).
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4.7. The Characteristics of Sludge Activity

Tests on the ammonia utilization rate (AUR) and nitrate utilization rate (NUR) can be applied

to measure different biomass activities (Henze et al., 1986; Niekerk et al., 1987; Jansen et al.,

1992). Through these simple characterization procedures, functional groups in biomass can

be quantified (nitrifiers, denitrifiers and heterotrophs). The procedures can also be applied for

characterization of wastewater (Kristensen et al., 1992). In this study also in order to evaluate

the sludge activity in the laboratory scale treatment plant, some AUR and NUR tests were

performed.

The AUR tested under different sludge retention time (SRT) revealed that in line with the

retention time of the sludge the depletion of NH4+-N and the production of NO3--N increased.

This is shown in Fig.14.

Fig.14. Ammonium consumption and nitrate production curves.

As can be seen from the Figure with increasing SRT the concentration of NH4+-N deceased.

In order to control the process weather the decrease of NH4+-N is through nitrification or not,

simultaneous determination of NO3--N concentration gave increasing NO3--N concentration

with increasing SRT. Similar result was found by Obaja et al. (2003) in their study of treating

piggery wastewater using a sequencing batch reactor. This showed that nitrification was the
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dominant process for the decreased NH4+-N in this study. The high depletion of ammonium

nitrogen and production of nitrate nitrogen during the AUR test indicated the higher activity

of nitrifying bacteria shown by the higher ammonium nitrogen removal efficiencies

throughout the experiment.

Table 11 presents the AUR experimental results.

Table 11 Experimental results of the AUR test.

Sludge

Retention Time

(SRT) (min)

Concentration (mg/l)
AUR (mg

NH4+-N/l. h)

MLVSS

(g/l)

SAUR (mg NH4+-

N/g. VSS.h)NH4+-N NO3--N

60 24.2±0.10 42.5±3.5 2.65 1.47 1.803

120 18.4±0.05 52.0±2.0 5.85 2.33 2.510

180 12.3±0.25 55.0±2.0 6.1 2.52 2.421

240 6.8±0.25 61.0±2.0 5.5 2.88 1.910

The table also shows the specific AUR (SAUR) value, which was calculated from the AUR

value divided by the biomass; here, the MLVSS was used. It can be seen from the table that

the AUR values increased when SRT increased to some extent and then started to decrease.

The increased in AUR might be because of the active biomass increase when SRT increased.

According to Taru et al. (2005) the concentration of the MLVSS is greatly affected by the

SRT of the plants. The obtained SAUR is illustrated in Fig.15. As it is shown in the Figure

the SAUR was low at SRT of 1 hour, rose until SRT reached 2 hours and then started to

decline. Similar specific AUR trend were reported by Eckenfelder (1994) while using

anaerobic/anoxic/aerobic system for the treatment of saline wastewater at SRT of 5, 10 and

15 days. In other study by Su and Ouyang (1997) similar trend of SAUR were reported using

conventional treatment system for the treatment of saline wastewater at SRT of 5, 10 and 15

days.
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Fig. 15. SAUR test result with different biomass concentration under sludge retention time

variation.

In this study the increased SAUR during the first 1 hour could be attributed to the higher

activity of the viable biomass. The other possible reason could be the nitrifiers might be well

preconditioned so that they were active enough to nitrify the ammonium present in the reactor.

Nitrification needed a longer SRT to keep enough nitrifier in the system, so that nitrification

could proceed (Ouyang et al., 1999). However, the result from this study indicated that as the

SRT increased the SAUR decreased. This might be due to the composition of the biomass.

Although the test gave increased MLVSS throughout the study this might not be all the active

biomass. Instead it might also incorporate dead microorganisms and cellular debris.

Similar to the AUR tests, the NUR test under different sludge retention time showed a

decrease in the concentration of NO3--N as the SRT increased (Fig.15). Similar observation

was made by Obaja et al. (2003) while treating piggery wastewater using sequential batch

reactor. However, the decreases in NO3--N concentration in this study were not significant

like that of Obaja et al. (2003). This might be due to the presence of less organic matter

(COD) in the raw wastewater which was about 1790 mg/l.
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Fig.16. A graph showing nitrate depletion trend.

Table 12 summarizes the NUR experimental results. Like SAUR, the SNUR values were

obtained and presented in the Table. As shown in Table 12 the NUR values show a

decreasing trend when SRT increased.

Table 12 Experimental result of the NUR test.

Sludge

Retention Time

(SRT) (min)

Average

NO3- -N

Concentration

(mg/l)

NUR (mg NO3-

-N/l. h)
MLVSS (g/l)

SNUR (mg

NO3--N/g.

VSS.h)

60 45.0±1.0 10 2.45 4.082

120 38.5±1.5 6.5 2.63 2.471

180 31.5±3.5 6 2.70 2.222

240 27.0±4.0 4.5 2.80 1.607
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Similar observation was made by Randall et al. (1992) using A/A/A system at SRT of 2,

3,4,5,6 and 8 days. Other study by Su and Ouyang (1997) using the same set-up at SRT of 5,

10 and 15 days also showed similar NUR trend. Panswad and Anan (1999) in their study of

treating elevated salinity wastewater biologically obtained a continuous decrease of SNUR as

SRT increased which is in agreement with the observation of this study. In this study such a

trend might be due to the higher activity of the denitrifiers which might be well

preconditioned for denitrification.

Fig. 17. SNUR test result with different biomass concentration under sludge retention time

variation.

In line with the NUR values the SNUR values decreased with increase of SRT (Table 12 and

Fig.17). Ouyang et al. (1999) reported a decreased SNUR values as SRT increased which is

in line with the result of this study. One possible reason for this could be the composition of

the biomass. Although the experimental result indicated an increased biomass concentration

with increase of SRT, (Table 12) the increased biomass might not be all the active biomass.

Increase of some inert materials and bio-products as SRT increased might contribute to the

increased biomass concentration.
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5. Conclusions and Recommendations

5.1. Conclusions

The main conclusions that can be drawn from this study are as follows:

 Considering the continuous variation in the discharge of wastes by quantity and

quality due to the nature of the factory’s operation a brewery effluent can generally be

characterized as medium to high strength waste. And the high proportion of these

wastes can easily be degraded biologically and transformed to environmentally

friendly substances and/or serve as potential resources.

 In light of the experimental results, the laboratory scale treatment system used to treat

the wastewater has performed at a good level of efficiency. In the study, TP (PO4-3),

TN, NH4+-N, NO3- -N, COD and BOD5 removal efficiencies were found to be between

80.03-66.8%, 67.6-54%, 95.7-87.9%, 51.06-44.3%, 97.2-95.6% and 92.8-89.3%,

respectively. From the results obtained the laboratory scale treatment plant performed

well and gave maximum removal efficiencies at organic loading rate of 0.5 kg

COD/m3day where TP (PO4-3), TN, NH4+-N, NO3--N, COD and BOD5 concentrations

decreased from 55, 71, 39, 36, 2240 and 636 mg/l to 11, 21.5, 1.7, 17.6, 62 and 46

mg/l, respectively. Thus, by employing the hybrid A/A/A system for the treatment of

brewery wastewater organic matter and nutrients (N and P) concentrations can be

reduced if not possible to remove totally.

 In spite of the complex nature of the treatment process (A/A/A) where nitrification,

denitrification and biological phosphorous removal occur simultaneously for the

removal of organic matter and nutrients (N and P), well equipped and properly

handled BNR process can be operated under a longer SRT that favors phosphorus

removal, but does not diminish the nitrification efficiency.
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5.2. Recommendations

 It should be noted that although the findings of this study emphasize the potential of

the A/A/A system for the treatment of brewery wastewater at the laboratory scale

level, scale up of this system to full-scale without pilot stage is not recommended.

 This research result is not exhaustive. Further investigations should include thorough

characterization of brewery wastewater and removal performance evaluation of the

three reactors and their contribution to the overall removal efficiency.

 Routine monitoring of the bacterial composition and population of the A/A/A reactors

is required so as to get a balanced operation of the three basic processes, nitrification,

denitrification and biological phosphorus uptake, in such treatment system.

 Characterization of phosphorous accumulating organisms efficient in brewery

wastewater treatment should be made, and the isolates’ activities should be tested.

 This research does not include the fate of excess sludge removed from the treatment

plant. Thus, further investigations should incorporate environmentally friendly

handling of the excess sludge.

 The potential of this treatment plant set-up for resource recovery like reuse of the

treated wastewater, biogas production as well as organic fertilizer in parallel with the

wastewater treatment should also get attention.
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7. Annexes

Annex 1. Characteristics of raw brewery wastewater throughout the sampling period

(concentrations are in mg/l except for pH, conductivity and turbidity)

Parameter

Concentration in mg/l except for pH, EC and turbidity for the samples taken

during the sampling periods

March to May June to August

COD 3840 2880 2050 1860 2060 2240.00 2050 2140

BOD5 - - - - 484 636.00 600 540

NH4+-N 32.8 53.6 54.2 21.4 19.6 39.00 26 12.2

NO3—N 14 21 13 17 15 36.00 23 21

TN 49 51 58 51.6 44 71.00 70 78

PO4-3 90.6 35 41.9 49.9 31.88 54.94 78.29 121.74

pH 6.7 6.02 6.41 9.66 6.96 10.77 6.08 6.95

TSS - - 792.86 921 1253 5048.00 3940 4025

TDS - 2492 2500 1360 2010 1482.00 1080 761

EC (µS/cm) - 2830 2940 2514 2550 3260.00 2396 1731

Turbidity

(FAU)
780 590 677 1092 699 849.00 2068 2190

Temperature

(oC)
23 34 31 23.7 29 28 27.2 24.5
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Annex 2. Influent and effluent wastewaters characteristics for the three experimental feeds

(All parameters are in mg/l unless otherwise stated)

Parameter
Feed I (OLR 0.5 kg

COD/m3 day)
Feed II (OLR 0.75 kg

COD/m3 day)
Feed III (OLR 1 kg
COD/m3 day)

Influent Effluent Influent Effluent Influent Effluent

COD 2240 80 44 2050 64 80 2140 90 98

BOD5 636 46 46 600 50 50 540 58 58

NH4+-N 39 2.08 1.3 26 2.02 1.22 12.2 1.9 1.06

NO3--N 36 20 15.24 23 10.8 13.8 21 12.39 11

TN 71 27 19 70 20.8 24.5 78 37 34.8

PO4-3 54.94 11.05 10.09 78.29 16.71 16.29 121.74 46 34.78

pH 10.77 9.07 8.44 6.08 8.87 8.81 6.95 8.67 8.11

TSS 5048 56.67 94 3940 422 500 4025 500 490

TDS 1482 450 745 1080.2 450 463 761 347 337

EC

(µS/cm) 3260 74.12 168 2396 380.31 372 1731 700 552.3

Turbidity

(FAU) 849 45 46 2068 32 89 2190 32 40
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Annex 3. NH4+-N throughout the study in the influent, anaerobic, anoxic and aerobic

reactors, and effluent during the three experimental feeds

Feed (OLR) Round
NH4+-N Concentration in mg/l

Influent Anaerobic Anoxic Aerobic Effluent

I (0.5 kg COD/m3

day)

I

39 65 30 2.08 2.0

38 54 32 3.1 1.5

38.5 60 31 0.4 0.4

II

70.5 42 5.7 3.9

69 36 2.1 2.1

71 33.1 1.5 1.2

II (0.75 kg

COD/m3 day)

I

26 42 34.5 1.4 0.9

24 47 32 0.4 1.9

28 39 29 1.5 2.15

II

51 21.5 2.4 3.7

64.4 37 1.6 1.6

63.6 22.7 1.9 1.9

III (1kg COD/m3

day)

I

12.2 60.2 30.5 1.9 2.2

12 51 33 1.3 2.4

12.9 47 23 1.07 1.12

II

52.4 26.5 0.7 2.3

63.4 22 0.7 1.06

50 37 2.7 1.8
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Annex 4. NO3- -N concentration throughout the study in the influent, anaerobic, anoxic and

aerobic reactors, and effluent during three experimental feeds

Feed (OLR) Round Influent Anaerobic Anoxic Aerobic Effluent

I (0.5kg COD/m3

day)

I

36 14 17 21 18.92

35.4 12 25 25 19.82

36 13 20 29 20

II

5 22 28 16.92

4.9 24 27 14

7 22 24 17

II (0.75kg

COD/m3 day)

I

23 15 21 27 15

21 14.7 19 24 14

23 14 20 28 15

II

12 16 23 12

11 30 21 13.5

11 22 21 17

III (1kg COD/m3

day)

I

23 18 12 24 14

21 14 14 20 13

20 10 19.8 27 14.5

II

20 18 21 13

14 9 26 11

13 27 30 17
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Annex 5. DO of the reactors throughout the study in mg/l.

Feed (OLR) Round Anaerobic Anoxic Aerobic

I (0.5kg COD/m3

day)

I

0.0 0.56 5.0

0.0 0.6 3.5

0.0 0.49 4.0

II

0.05 1.20 5.31

0.04 0.98 5.40

0.00 0.70 5.6

II (0.75kg COD/m3

day)

I

0.0 0.49 3.16

0.0 0.11 4.80

0.08 0.54 5.37

II

0.0 1.02 3.6

0.0 0.4 4.0

0.0 0.8 3.35

III (1kg COD/m3

day)

I

0.07 0.15 5.05

0.00 0.6 3.5

0.00 0.49 4.0

II

0.03 0.51 5.0

0.05 1.2 4.9

0.33 0.19 5.0
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Annex 6. pH of the influent, anaerobic, anoxic and aerobic reactors, and effluent throughout

the study

Feed (OLR) Round Anaerobic Anoxic Aerobic Effluent

I (0.5kg COD/m3

day)

I

8.75 8.04 8.47 8.46

8.95 8.06 8.61 8.62

8.25 8.00 8.20 8.24

II

8.65 8.24 8.57 8.55

8.42 8.18 8.51 8.53

8.45 8.10 8.52 8.53

II(0.75kg COD/m3

day)

I

8.29 8.43 8.03 8.01

7.65 8.21 8.00 8.00

7.00 8.80 7.94 8.50

II

7.1 8.05 8.74 8.88

7.6 8.07 8.74 8.84

7.9 8.00 8.76 8.57

III(1kg COD/m3

day)

I

6.72 8.46 7.83 8.39

7.17 8.08 8.51 8.53

7.88 8.61 8.93 8.91

II

6.61 7.84 8.38 8.38

7.43 8.04 8.57 8.58

7.76 8.59 8.77 8.77
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Annex 7. TSS and VSS for anaerobic reactor and MLSS and MLVSS for anoxic and aerobic

reactors in gm/l

Feed (OLR)
Anaerobic Anoxic Aerobic

TSS VSS MLSS MLVSS MLSS MLVSS

I (0.5kg

COD/m3 day)

21.90 6.06 5.42 2.002 3.94 1.90

22.74 6.12 5.64 2.009 4.01 2.50

23.52 6.08 5.81 2.012 4.53 2.33

II (0.75kg

COD/m3 day)

23.23 5.98 3.90 1.500 2.92 1.80

22.6 6.01 4.12 1.512 3.11 1.98

21.88 6.05 4.39 1.520 3.90 2.00

III (1kg COD/m3

day)

23.14 5.82 3.62 1.395 2.34 1.60

22.21 5.88 3.98 1.398 2.57 1.72

21.8 5.93 4.01 1.400 2.75 1.80
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Annex 8. Photos of the laboratory scale treatment plant used in the study

The A/A/A treatment plant used in the study

The pump and the anaerobic zone The anaerobic and anoxic zones
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Anoxic and aerobic zones, and the clarifier



103

Annex 9. Photos of the experimental set-up used and data obtained in the determinations of

ammonium uptake rate (AUR) and nitrate uptake rate (NUR)

AUR Test

Experimental set-up used for the AUR test

Prepared set-up for AUR determination Set-up with mixed liqour from aerobic tank

Concentration of ammonium and nitrate in the raw wastewater and activated sludge

Parameter Concentration (mg/l)

NH4-N 13

NO3- -N 32

NH4-N (in the raw activated sludge) 3.4

NO3- -N (in the raw activated sludge) 29

Concentration of ammonium and nitrate in the raw activated sludge after addition of the

nutrient solution (set-up I)

Parameter Concentration (mg/l)

NH4-N 34.6

NO3- -N 18
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Set- up I

Set-up I for AUR determination

Concentrations of ammonium and nitrate nitrogen after addition of 50ml raw wastewater

Time

(min)

NH4+-N

Concentration

(mg/l)

NO3- -N

Concentration

(mg/l)

MLSS

(g/l)

MLVSS

(g/l)
pH

Temperature

(oC)

1 27.8 29 3.3 1.16 7.74 18

60 24.3 46 2.3 1.04 7.60 17.5

120 18.3 50 3.0 2.49 8.00 19

180 12.5 53 3.01 2.51 8.20 18.9

240 7 59 3.40 2.83 8.40 19.3

Concentration of ammonium and nitrate in the raw activated sludge after addition of the

nutrient solution (set-up II)

Parameter Concentration (mg/l)

NH4-N 34.6

NO3- -N 19
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Set-II

Set-up II for AUR determination

Concentrations of ammonium and nitrate nitrogen after addition of 50ml raw wastewater

Time

(min)

NH4+-N

Concentration

(mg/l)

NO3- -N

Concentration

(mg/l)

MLSS

(g/l)

MLVSS

(g/l)
pH

Temperature

(oC)

1 25.9 29 2.23 1.79 8.01 17.5

60 24.1 39 2.65 1.89 8.23 18.3

120 18.4 54 2.80 2.33 8.00 18.5

180 12 57 3.04 2.53 7.91 19.7

240 6.5 63 3.50 2.92 8.03 19
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NUR Test

Raw wastewater

Parameter Concentrations (mg/l)

COD 1790

NO3- -N 32

NO3- -N (in raw activated sludge) 13

Laboratory set-up for NUR determination

Set-I

Set-up I for NUR determination
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Concentration of nitrate in the activated sludge after addition of 0.5778gm KNO3/ 5ml

distilled water solution= 74 mg/l

Endogenous nitrate concentrations for set-up I

Time (min)
Concentration

(mg/l)
pH Temp. (oC)

1 74 8.00 19

15 70 8.43 18.7

30 66 8.58 18.9

60 52 8.58 19

Concentration of nitrate after addition of 50ml raw wastewater

Time

(min)

Concentration

(mg/l)

MLSS

(g/l)

MLVSS

(g/l)
pH

Temperature

(oC)

1 56 4.4 2.04 8.01 18

60 44 6.2 2.07 7.98 18.7

120 37 6.3 2.54 8.29 17

180 28 5.6 2.86 8.30 19

240 23 6.2 2.87 8.37 18.5

Set-II

Set-up II for NUR determination
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Concentration of nitrate in the activated sludge after addition of 0.5388gm KNO3/5ml

distilled water solution=69

Time (min)
Concentration

(mg/l)
pH Temp. (oC)

1 69 8.20 17

15 68 8.14 18.7

30 54 8.25 18.9

60 56 8.50 20

Concentration of nitrate after addition of 50ml raw wastewater

Time

(min)

Concentration

(mg/l)

MLSS

(g/l)

MLVSS

(g/)
pH

Temperature

(oC)

1 54 6.7 2.09 8.30 17

60 46 7.2 2.69 8.12 18.7

120 40 6.52 2.71 8.00 17.9

180 35 4.69 2.53 8.31 19

240 31 5.67 2.72 8.45 19.3

Photos taken during AUR determination


