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ABSTRACT

Waste stabilization ponds are recognized as the solution to domestic wastewater treatment in
developing countries. The use of such natural systems is considered to be very important. This
is because it is cheap, easy to construct and they do not require high skilled labour. In the
developing countries the objectives for wastewater treatment should put emphasis on pathogen
removal since most diseases and deaths in these areas are caused by poor sanitation. The
efficiency in the removal of pathogens in algal waste stabilization ponds has been found to be
very good. The global awareness on resource depletion calls for the use of macrophytes to
recover nutrients from wastewater and also to act as an incentive to wastewater treatment.
However, the pathogen removal efficiencies of macrophyte-based stabilization ponds are not
well known. An understanding of the mechanism involved could be used to improve on the
technology and maximize the benefits through effective operation and maintenance practices.

The determination of how these macrophyte ponds will function in a tropical developing
country like Ghana including the environmental conditions within the ponds and the
mechanisms associated with pathogen removal and die-off were undertaken through this PhD
research. Experiments were conducted on batch-scale, bench-scale and pilot-scale continuous
flow systems in Ghana and Colombia using water lettuce (Pistia stratiotes) and duckweeds
(Lemna paucicostata and Spirodela polyrhiza). The main experimental set up consisted of 3
parallel pond systems operating in series of four ponds comprising of water lettuce, duckweed
and algae. This was located in at the Kwame Nkrumah University of Science and Technology,
Kumasi, Ghana.

Environmental condition measurements showed that neutral conditions exist in the water lettuce
and duckweed ponds except when the pond systems were operated using low strength sewage, a
low pH of about 4 was observed in the water lettuce pond system. Low dissolved oxygen levels
were associated with the macrophyte ponds. In the algal ponds, high pH of >10 and DO
concentrations above saturated levels prevailed.

Performance on continuous flow systems showed that organic matter and nitrogen compounds
were effectively removed in the macrophyte ponds. The algal ponds also performed well but the
macrophytes were more efficient. The removal of phosphorous was rather poor in all 3-pond
systems. Performance studies conducted using low sewage strength showed effective removal of
faecal coliforms in the algal ponds. Poor removal of faecal coliforms was observed in the
macrophyte ponds. It was however observed, that the middle portions of the last pond in the
water lettuce ponds had low numbers of faecal coliforms equal to values obtained in the final
effluent from the algal pond system. More than 99% of the faecal coliforms were also found in
the sediments of all ponds. There was however no difference among the 3 pond systems for the
removal of enterococci. In a medium sewage strength performance studies, removal of E. coli,
Salmonella and enterococci were the same in all 3-pond systems with no significant (p<0.5)
differences during a one-year monitoring phase. Water lettuce pond system had poor removal of
coliforms and other enterobacteria. All the faecal bacteria removals in the duckweed pond
system were comparable to that of the algal pond system during this period. During the
intensive measurements study however, (i.e. when the macrophytes were most healthy and the
algal ponds were bright green), both macrophytes pond systems performed better in the removal
of coliforms and other enterobacteria than the algal ponds.

Total biomass yield in the water lettuce and duckweed pond systems were respectively 503.6
and 286.6 tons/ha/year. Protein content in the macrophytes was highest in the second pond with
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water lettuce leaves having 22% and duckweed fronds 34%. Duckweed fronds effectively
covered all pond surface and completely eliminated mosquito breeding in the ponds.

In pH effects experiments, faecal coliforms were found to be susceptible to high alkaline pH
while enterococci were found to be susceptible to low of pH <5. Sunlight was found to
inactivate faecal bacteria and promote die-off.

In pH fluctuation experiments, fluctuations in pH had higher die-off rates than stable pH
incubations for Salmonella and other enterobacteria. Stable alkaline pHs were more detrimental
than fluctuating pHs from alkaline to neutral to E. coli and coliforms in domestic wastewater
and E. coli except fluctuating pH of 4-9 and 7-9, which had higher die-off rates than stable pHs
of 4, and 9 for E. coli. At pH 5, low die-off rates were recorded for E. coli and Salmonella. For
enterococci, fluctuations in pH were more detrimental than stable pH incubations. Extreme pH
treatment of 4, 10, and 11 were found to be most detrimental to all the faecal bacteria used in
this study. This study showed that pH fluctuations, extremes of pH and presence of other
microbes might all contribute to faecal bacteria die-off in domestic wastewater treatment plants
depending on bacteria species.

Attachment of bacteria occurs readily on most available surfaces. The question addressed in this
study is whether this mechanism plays a role in pathogen removal in macrophyte and algal
waste stabilization ponds. An attempt was made to answer this question in trials on a batch-
scale, a bench-scale continuous flow system in Ghana and by using a pilot-scale continuous
flow system in Colombia, South America. The results showed that faecal bacteria attach to walls
of containers holding wastewater, water lettuce roots and leaves, duckweed fronds and algae.
When the die-off rates and mass balance of faecal bacteria on various surfaces in batch-scale
incubations were studied, die-off was observed immediately after attachment. Higher die-off
was observed in surfaces in the algal ponds. Most of the viable bacteria were found attached to
water lettuce roots and to suspended algae (over 70%). Harvesting of macrophytes removed
<1% of viable faecal bacteria in continuous flow ponds in Ghana and in Colombia. In
comparison to percentage of faecal bacteria attachment to surfaces with total viable bacteria
numbers, attachment was substantially found to contribute to faecal bacteria removal.
Attachment and subsequent settling of suspended solids contribute to prolonged retention of
faecal bacteria in stabilization ponds, and as such provides the conditions for die-off.

The effect of the presence of protozoa on faecal bacteria removal and protozoa population
densities were assessed. Protozoa were found in both macrophyte and algal pond systems and
mostly in sediments and surface at times. Protozoa found were mainly flagellates, ciliates and a
few amoebae. The algal ponds had the highest number of protozoa, followed by water lettuce
and duckweed ponds respectively. The algal ponds were dominated by Euglena. Other algae
such as Chlorella, Chlorococcum, Phacus, Ulothrix and some diatoms were also found but in
small quantities. In the presence of protozoa, removal of E. coli, coliforms and Salmonella
bacteria were (p<05) significantly faster than in the absence of protozoa in the water lettuce
ponds. In the duckweed and algal ponds, for all the faecal bacteria studied, there was no
significant difference in the removal of faecal bacteria in the presence and absence of protozoa.
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Introduction

Human excreta may contain pathogens (Feacham et al., 1983) and therefore must be properly
managed in any community. Lack of adequate treatment and disposal will lead to a high
morbidity and mortality. According to WHO (2005), about five million people die annually due
to lack of adequate sanitation and about 3 billion people lack access to adequate sanitation. Most
of these people live in the developing world.

The millennium development goals (MDGs) seek to decrease the number of people without
access to adequate sanitation by 50% by the year 2015 (Cosgrove and Rijsberman, 2000). In
order to meet these goals about 460,000 people must be provided with improved sanitation daily
(WHO, 2005). To achieve worldwide coverage of water supply and sanitation in 2025, a
worldwide investment of $200 billion per year (assuming that conventional technologies are
used) is required. These cost estimates do not include full coverage of wastewater management
(estimated at $70-90/cap/y), which would raise the total worldwide annual investment
requirement to some $600-800 billion (Bos et al., 2005).

The huge sums of money required to improve sanitation seems unrealistic for many developing
countries to meet. It is necessary therefore to consider low-cost options, which will be able to
meet treatment objectives of reducing public health risks (pathogens), organic and nutrient
concentrations. These treatment objectives are necessary to ensure that the natural receiving
environments will be able to assimilate these contaminants without undue stress. The treated
wastewater could also be used in agriculture. In many urban centres world wide, drinking water
is used to transport human excreta to central points for treatment. Even though the
corresponding infrastructure of flush toilets, sewer systems, centralized hard ware and energy
demanding wastewater treatment plants, add to the cost of treatment, many developing countries
have adopted the same concept without examining the consequences of such technologies.

In developed countries water from toilets, bathing, washing, (pre-treated) industrial effluents,
and storm water are usually collected in a single pipeline and channelled to a centralized
treatment plant. This wastewater is cumulatively known as sewage. The wastewater from the
toilets is known as black water while that from kitchen and bathrooms is known as grey water.
The two types of wastewater are directed in a wastewater channel and together referred to as
domestic wastewater.

Several technologies are used to treat domestic wastewater. These can be classified into two
groups: conventional and non-conventional treatment plants. The former has high-energy
requirements. The later is solely dependent on natural purification processes. The conventional
systems of wastewater treatment include trickling filters, activated sludge systems, biodisc
rotators and aerated lagoons.

The non-conventional systems, which are also called eco-technologies (Nhapi and Gijzen,
2005) include constructed wetlands and waste stabilization ponds. Among these technologies,

the widely recommended ones for developing countries are the waste stabilization ponds
(WSPs).

The general aim of wastewater management is to collect wastewater from the homes, treat and
discharge into the environment without causing undue stress to the environment. In Ghana, most
of the wastewater is stored and partially treated in septic tanks. Only two towns Akosombo and
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Tema municipalities are completely sewered. Partial sewerage networks are however found in
Accra and Kumasi (Figure 1).
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Figure 1 Map of Ghana

The septage or sludge accumulation from the septic tanks is usually discharged into the
environment untreated. Grey water is combined with storm water and discharged into natural

drains without prior treatment. The water from the drains and raw blackwater is used for
agricultural purposes (Figure 2).

The objective of wastewater treatment is to reduce organic loads, nutrient levels and to
eliminate pathogens to render the effluent safe to handle by the receiving environment. The
water is treated to avoid undue stress to the environment backed by regulations for compliance.
With increased awareness of health and environmental impacts associated with wastewater
mismanagement, more stringent guidelines have been produced making the cost of treatment
even more expensive. One of the major concerns is the presence of pathogens in wastewater. In
the conventional treatment systems, pathogens are not efficiently removed. As a result, chemical
disinfectants are widely used to eliminate the pathogens in the treated effluents.
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Figure 2 Current practice of domestic wastewater management in Ghana

The current practice of wastewater management is giving way to a new concept. In the current
concept, the effluent from the wastewater treatment plants goes into the receiving water body
without reuse and recycling. There is also no rational use and resource recovery (Figure 2). In
the developing countries, most wastewater treatment systems have broken down because of lack
of incentives. If macrophytes are used in the treatment of wastewater and harvested for
economical activities they could become a major source of income and help balance the human
ecosystem in many urban centres at a fast rate (Gijzen 2001). By using ecotechnologies, all
waste generated in a community could be treated and this goes back into the soil or is used in
irrigation for crop production or for other purposes such as woodlots. Energy is generated
during the process of anaerobic digestion. This could then go back into the community for use.
Effluent from the wastewater treatment plants goes back to the homes to be used for flushing
toilets. In this way drinking water, which is very expensive to treat is not used for flushing
toilets. This ensures that portable water is rationally used (Figure 3). This is the new concept of
wastewater management. Alternatively waterless toilets could also be used.

The new way of managing wastewater should not only look at meeting guidelines but also
should consider rational use of resource, resource recovery, reuse and recycle of matter as
practiced in natural ecosystems in view of rapid population growth and resource depletion
(Figure 3). This is a sustainable way for wastewater management (Bos et al., 2005).
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Figure 3 A new concept of wastewater management (modified from Otterpohl et al, 1998).

Wastewater treatment and cost comparisons

Waste stabilization ponds (WSP) are defined in this paper as wastewater containing ponds
relying on natural processes based on algae and bacteria for organic, nutrient and pathogen
loads removal. WSPs are without doubt the most important and effective method of sewage
treatment in developing countries. They are the least expensive wastewater treatment system
(Table 1) and are considerably more efficient in destroying pathogenic bacteria than other
treatment plants such as trickling filters and activated sludge systems (Table 2).

When the waste stabilization pond is covered with floating macrophytes it becomes a
macrophyte pond. When it lacks the macrophytes it is known as algal pond (Zimmo, 2003).
Stabilization ponds have generally been recognised as low-cost and simple technologies for the
effective treatment of wastewater in tropical developing counties. Apart from algal ponds,
macrophyte ponds have recently been proposed (Polprasert, 1996; Zimmo 2003; Gijzen, 2001).
The reason for the introduction of macrophytes in pond systems is to provide incentives for
income generation through resource recovery and re-use of treated effluent for agricultural or
aquaculture purposes.

Algal ponds are waste stabilization ponds that are naturally infested with algae of which several
species may be involved. Some of the species are Nostoc, Euglena and Scenedesmus. Algal
ponds are easy to construct and manage. They also achieve satisfactory levels of treatment
(Lansdell, 1987; Wang, 1991). They are efficient in the removal of pathogens Table 2 (Feacham
et al., 1983) although the efficiency is not always 100%. Algal ponds, however, have certain
shortcomings such as the large land area requirements and the high concentrations of suspended
algal cells in the effluent, which can make re-use of the wastewater problematic. Use of effluent
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from algal ponds can result in clogging of drip irrigation pipes. Harvesting of algae may require
complex technologies often incompatible with the technological systems in many developing
countries (Pearson et al., 1996). Besides, the N and P removal mechanisms from conventional
stabilization ponds are not well understood.

Table 1 Estimated total annual and unit costs for alternative treatment processes with a design
flow of 4.5million L/day

Annual Cost (US$) Unit
Initial Cost
Capital (cent/
Process Cost (US$)*" | Capital° | O&M* | Total | 1000L)"
Imhoff tank 380,000 41,720 15,500 57,270 3.5
Rotating biological disk 800,000 87,832 57,680 145,512 8.9
Tricking filter 900,000 98,811 58,480 157,291 5.6
Activated sludge with
External digestion 1,000,000 109,790 74,410 184,200 11.2
Internal digestion ° 500,000 54,895 48,800 103,695 6.3
Stabilization pond 250,000 27,447 23,680 51,127 3.1
Land disposal &
basic system 340,000 37,328 41,540 78,869 4.8
with primary treatment 940,000 103,302 81,540 184,742 11.2
with secondary treatment 1,240,000 136,139 115,950 | 252,089 15.5
Land disposal "
basic system 200,000 21,958 25,100 47,058 2.9
with primary treatment 800,000 87,832 5,100 152,932 9.3
with secondary treatment 1,000,000 109,790 99,510 | 209,300 12.7

a) estimated average cost. b) based on engineering news-record building cost index of 1900.

c) capital recovery factor = 0.10979 (15 years at 7%.)

d) average values for variationsin processes €) external aeration, aerated lagoon, oxidation ditches.

f) high-rate aerobic, facultative, and anaerobic g) irrigated and overland flow. h) infiltration-percolation.

Adapted from Salvato 1992

In algal waste stabilization ponds, drastic changes have been observed in environmental
conditions in the ponds like strong diurnal pH fluctuations, high pH peaks, and alternating high
and low dissolved oxygen concentrations. These conditions may be detrimental to pathogens
(Moeller and Calkins, 1980; Pearson et al., 1987 a,b). Solar energy and algal photosynthesis
have been identified as being responsible for generating these conditions (Parhad and Rao,
1972; 1974; Curtis, 1990; Curtis et al., 1992a and b; Moeller and Calkins, 1980). The adverse
conditions of fluctuating pH and high O, and pH levels, characteristic of algal ponds, are not
likely to occur in macrophytes systems since in the latter there is no direct penetration of solar
radiation into the water phase.

Reliance on floating macrophytes (aquatic weeds) to treat wastewater in stabilization ponds is
gaining recognition worldwide because of the ability of these macrophytes to remove nutrients
from wastewater and the potential use of the aquatic plants for agricultural purposes and other
economic activities (Von Sperling, 1996; Zimmo, 2003). Macrophyte ponds (MP), however, do
not readily permit direct sunlight penetration and may also serve as breeding grounds for vectors
such as mosquitoes. The ability of this treatment system to remove pathogens is very crucial
especially if the macrophytes are going to be used for fish farming activities (Gijzen and
Khonker, 1997) or for animal feed (Nhapi and Gijzen, 2005).
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Table 2 Summary of pathogen removal efficiencies of various sewage treatment processes
Trickling filter with, Activated sludge with primary and Oxidation ditch Waste stabilization
Primary sludge digestion and secondary sedimentation, digestion | with sedimentation | ponds with minimum | Septic tanks
Organisms Parameters sedimentation | sludge drying and sludge drying and sludge drying | RT=25days
%Removal 0-30 90-95 90-99 90 -99 99.99 — 100 50
Enteric viruses Final sludge | Contaminated Contaminated Contaminated Contaminated - Contaminated
%Removal 50-90 90 - 95 90-99 90— 99 99.99 — 100 50-90
Salmonella Final sludge | Contaminated Contaminated Contaminated Contaminated - Contaminated
%Removal 50-90 90-95 90 -95 90-99 99.99 — 100 50-90
Shigella Final sludge | Contaminated Contaminated Contaminated Contaminated - Contaminated
%Removal 50-90 90 — 95 90 -95 90 - 99 99.99 — 100 50-90
Escherichia coli | Final sludge | Contaminated Contaminated Contaminated Contaminated - Contaminated
%Removal 50-90 90-95 90-95 90-99 100 50-90
Vibrio cholerae Final sludge | Contaminated Contaminated Contaminated Contaminated - Contaminated
%Removal 10 10 10 10 100 100
Leptospira Final sludge safe safe safe safe - safe
Entamoeba %Removal 10-50 50 50 50 100 0
histolytica cysts Final sludge | Contaminated safe safe safe - Contaminated
%Removal 50 50-90 50-90 50-90 100 50-90
Hookworm ova Final sludge | Contaminated Contaminated Contaminated Contaminated - Contaminated
Ascaris %Removal 30-80 70-100% 70-100 70-100 100 50-90
ova Final sludge | Contaminated Contaminated Contaminated Contaminated - Contaminated
Schistosoma %Removal 80 50-90 50-99 50-99 100 50-90
ova Final sludge | Contaminated safe safe safe - Contaminated
Taenia %Removal 50-90 50-90 50-90 50 100 50-90
ova Final sludge | Contaminated Contaminated Contaminated Contaminated - Contaminated

Adapted from Feacham et al., 1983
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There are several species of floating aquatic weeds that can be used in MP systems of
wastewater treatment. Their selection should, however, be based on the local conditions in
which they will be utilised. In Ghana, duckweed (Lemna sp. and Spirodela sp.) and water
lettuce (Pistia stratiotes) appear to be good plants for use in such ponds because they are readily
available and pose no serious threat to the local aquatic environment. The introduction of
macrophytes into stabilization ponds seeks to address the problem of resource recovery by
converting nutrients available in wastewater into reusable forms as incentive to wastewater
treatment but not primarily on pathogen removal.

Pathogen removal is the most important objective in wastewater treatment in developing
countries, because of the potential hazards caused by enteric diseases in these countries. The use
of macrophyte-based ponds for resource recovery calls for a critical examination of the
mechanisms involved in pathogen removal. Knowledge on pathogen removal mechanisms could
provide the basis for improvement in the design and operation and maintenance of waste
stabilization ponds.

Conflicting results exist in the efficiency of MP and AP systems regarding pathogen removal
from wastewater as elaborated below. Studies with indicator organisms indicate that the
removal of such organisms is more efficient with AP systems than with MP systems (van der
Steen et al., 2000). Other reports indicate that MP systems are more efficient than AP systems
(Mandi et al, 1993). These studies were conducted in different climatic regions and the
wastewater characteristics were different. Besides, judgement on the efficiency of pathogen
removal based only on the indicator organism Escherichia coli may not be appropriate since
other pathogenic organisms exist in wastewater and these also must be monitored in
comparative studies before coming to firm conclusions.

Conventional systems for wastewater treatment depend on the use of chlorine to achieve
complete destruction of pathogens. However, the chlorine must be removed with sulphide if the
effluent is to be discharged into water bodies containing fish. Since chemical use in the
treatment of wastewater creates environmental problems and is also expensive, natural
alternatives to chemical use such as AP and MP systems should be considered. The pathogen
removal mechanisms in these natural wastewater treatment systems, however, are poorly
understood, and need to be studied.

The objective of this PhD study is to conduct a comparative study on pathogen removal
mechanisms in AP and MP systems under tropical conditions. Knowledge of the mechanisms
involved in pathogen removal could serve as the basis for improving the design, construction
and operation of these promising wastewater treatment systems.

Characteristics of wastewater

A typical domestic wastewater contains several substances (Metcalf and Eddy, 2003).
Wastewater could be classified into 3 categories as weak, medium and strong wastewater as
shown in Table 3.

The characteristics of wastewater depend on many variables, including the country, the type of
diet, health status and water use patterns (Table 4). The strength of sewage depends mostly on
the amount of water used per capita per day. In countries where water is scarce the wastewater
tends to be strong.
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Table 3 Typical composition of domestic wastewater

Parameter Weak Medium Strong
Total solids, (TS) 350 720 1200
Dissolved solids, total (TDS) 250 500 850
Fixed 145 300 525
Volatile 105 200 325
Suspended solids (SS) 100 220 350
Fixed 20 55 75
Volatile 80 165 275
Settlable solids 5 10 20
BOD;s, 20°C 110 220 400
Total organic carbon (TOC) 80 160 290
COD 250 500 1000
Total Nitrogen 20 40 85
Organic Nitrogen 8 15 35
NH," 12 25 50
NO; 0 0 0
NO, 0 0 0
Total phosphorus 4 8 15
Organic phosphorus 1 3 5
Inorganic phosphorus 3 5 10
Chlorides 30 50 100
Sulphate 20 30 50
Alkalinity(as CaCOs) 50 100 200
Grease 50 100 150
Total coliforms 10%-107 10”-10° 10’-10°
Volatile organic compounds <100 100-400 >400

Metcalf and Eddy (2003). All concentrations are in mg/L with the exception of total coliforms
No./100mL and volatile organic compounds, pg/L.

Table 4 Typical composition of domestic sewage in some countries

Determinant Austria Netherlands Morocco Turkey
COD (mg /L) 526 450 928 656
BOD (mg /L) 285 171 353 212
SS nd 237 397 150
N 44 42 nd 40
P 7.1 6.7 nd nd

Adapted from Pons et al., 2004, nd = not determined

For comparison, the characteristics of wastewater at the Kwame Nkrumah University of Science
and Technology and Asafo, a suburb in Kumasi, Ghana are shown in Table 5. The wastewater at
Asafo is unusually strong because the inhabitants allow several people to visit the toilet before a
single flush in order to cut down on cost (Kuffour, personal communication). The wastewater
from the University is used throughout the research described in this thesis.

The characteristics of wastewater, with particular reference to pathogen counts, also depend on
the health status of the people. Human beings, infected with a particular disease may discharge
pathogenic organisms into wastewater and affect the composition of the wastewater.
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Table 5 Characteristics of wastewater generated at KNUST and in Asafo.

KNUST, KNUST, Asafo,

Parameter grey water sewage sewage

pH 7.540.2 82+0.1 8.0 +0.0
Temperature (°C) 29.2+0.7 28.5+0.2 27.7 £0.5

Dissolved oxygen (mg/L) 2.7+0.8 0.6 +0.1 1.0+0.5
TSS (mg/L) 212 £21 595 £ 221 1152 + 345
BOD (mg/L) 198 +33 310+ 76 1007 + 378
COD (mg/L) 399 + 108 667 + 103 2540 + 641
Ammonia-N (mg/L) 84+1.8 120.8 £0.5 148 £9.5
Nitrate-N (mg/L) 0.7+0.1 1.7£0.6 18.7+9.0
Nitrite-N (mg/L) 0.00 = 0.00 0.02 +0.04 0.16£0.11
Phosphorus (mg/L) 11.8+4.0 11.2+1.9 17.0£9.9

Total coliforms/100mL 2.7x107 0.6 x10° | 5.4x 10%+7.1x10° | 4.2x10'°+5.9 x10'"
Faecal coliforms/100mL | 1.5x10°+0.2 x10° | 3.8x10'+3.5x10" | 5.9x10% 5.4 x10®

Helminth eggs (No/L)
Ascaris sp. 2333 £ 1527 7000 + 4,044 62,116 = 45000
Tapeworms 6500 + 658 14,200 + 608 25,306 + 6985
Fasciola sp. 1300 + 282 2400 £ 670 3473 £ 225
Trichuris sp. Nil Nil 1236 + 108
Schistosoma sp. Nil Nil 373+ 71
Metals (mg/L)
Fe 0.37+0.08 0.97+0.01 0.01 £0.04
Hg 0.4+0.03 0.2+0.13 <0.01
Ca 2.81 +0.01 2.44 +0.01 2.72 +0.02
Cd 0.01 +0.00 <0.01 0.01 £0.00
Pb <0.01 <0.01 <0.01
Cu <0.01 0.03 £0.03 0.01 +0.03
Zn 0.03 = 0.00 0.02 =0 .00 0.1=0.00
Al <0.01 0.70 = 1.67 0.6 £0.80
Mn 0.04 +0.01 0.13 +0.02 <0.01
Mg 6.1+0.40 4.8+0.10 4.5+0.10

Adapted from Awuah et al., 2002, + Standard deviation.

The pathogen levels in the Asafo wastewater are higher than the levels in the KNUST sewage.
Besides, the number of pathogens in the wastewater in both communities (Asafo and KNUST)
are quite high, partly because of the strength (many people use the toilets before a single flush)
and most probably their low educational background resulting in poor hygienic practices. This
may not be different from other parts of the country and necessitates treatment of all domestic
wastewater produced in Ghana to improve on existing sanitary conditions.

Pathogenic organisms found in domestic wastewater

Pathogenic organisms in wastewater are categorised into viruses, bacteria, protozoa, fungi and
helminths. Some of these organisms found in wastewater can cause diseases of the
gastrointestinal tract such as typhoid and paratyphoid fever, dysentery, diarrhoea and cholera.
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Bacterial pathogens are very harmful and are the cause of many deaths in areas with poor
sanitation, especially in the tropics. Although bacterial pathogenic organisms are the most
numerous, they are in no means the only pathogens in wastewater. Table 6 gives persistent
pathogenic microorganisms found in wastewater.

Table 6 Pathogenic organisms persistent in domestic wastewater

Organism |

Disease

Helminths

Ascaris lumbricoides

Ascariasis (roundworm infestation)

Enteribium vermicularis

Enterobiasis, (pinworm)

Fasciola hepatica

Fascioliasis (sheep liver fluke)

Hymenolopis nana Hymenolopiasis (dwarf tapeworm
Taenia saginata Taeniasis (beef tape worm)
Taenia solium Taeniasis (pork tapeworm

Trichuristrichura

Tricuriasis (whipworm)

Protozoa

Balantidium coli

Balantidiasis (diarrhoea)

Cryptosporidium parvum

Cryptosporiasis (diarrhoea)

Entamoeba histolytica

Amoebic dysentery

Giardia lamblia

Giardiasis (diarrhoea, nausea, indigestion)

Bacteria
Escherichia coli Gastroenteritis (diarrhoea)
Legionella pneumophila Acute respiratory illness
Leptospira sp. Jaundice, fever.
Salmonella typhi Typhoid fever
Salmonella (~2100serotypes). Food poisoning
Shigella sp. Bacillary dysentery
Vibrio cholerae Cholera
Yersinia enterolitica Diarrhoea
Viruses

Adenovirus (31 types)

Respiratory disease

Enteroviruses (polio, echo and coxsackie)

Gastroenteritis, heart anomalies, meningitis

Hepatitis A Infectious hepatitis (Jaundice)
Norwalk agent Gastroenteritis
Parvovirus (3 types) Gastroenteritis
Rotaviruses Gastroenteritis

Adapted from Crites and Tchobanoglous (1998)

The ability of a pathogen to cause a disease depends on the dose (Table 7) and the susceptibility
of the host. In addition to the organisms provided in Table 6, several other viruses are also
found in wastewater including Human Immune Deficiency Syndrome. Fortunately, HIV does
not survive in wastewater for a long time (Moore, 1993).

Bacterial species such as Mycobacterium tuberculosis, helminths such as hookworm
(Ancylostoma duodenales) and other intestinal worms like Schistosoma mansoni, S. japonicum,
S haematobium and Daphylobotrium latum (associated with pets) are persistent in the
wastewater where the infection is endemic. Pathogenic fungi found in wastewater are few and
they include Candida albicans (Feacham et al., 1983; Bitton, 1994).

Experimental results have shown that ten to hundred thousand infectious doses of hepatitis virus
are emitted from each gram of faeces of a patient infected with this disease.
About 10" bacterial pathogens are excreted by each person in a day (Bitton, 1994).
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Table 7 Concentration and infectious doses of pathogenic organisms, occurring in wastewater

Concentration in raw wastewater
Organisms (No/100mL) Infectious dose
Helminths
Ascaris lumbricoides (ova) 10' -10° 1-10
Protozoa
Cryptosporidium parvum oocysts 10" —10* 1-10
Entamoeba histolytica 10'-10° 10-20
Giardia lamblia 10° -10* <20
Bacteria
Total coliforms 107 -10° (unknown)
Faecal coliforms 10° 10 10°-10"
Clostridium perfringens 10°-10° 1-10"
Faecal streptococci 10*-10° -
Pseudomonas aeruginosa 10° -10* -
Shigella 10° -10° 10-100
Salmonella 10> -10* 10*-107
Viruses
Enteric viruses 10° -10* 1-10 plague forming units

Adapted from Bitton (1994); Crites and Tchobanoglous (1998)

Indicator organisms

The identification of faecal pathogenic organisms in water and wastewater can be extremely
time-consuming, expensive and difficult. The coliform group of organisms is therefore used as
indicator of bacterial pathogenic organisms (Greenberg et al., 2003). The coliform bacteria
include the genera Escherichia and Aerobacter. The use of coliforms as indicator organisms is
complicated by the fact that Aerobacter and certain E. coli strains can grow in soil
(Byappanahalli and Fujioka. 2004). Thus, the presence of coliforms does not always mean
contamination with human wastes. Apparently, E. coli is entirely of faecal origin and hence
widely used as an indicator of faecal contamination organism. However, there are problems
associated with the use of E. coli as the sole indicator organism. Lesgne et al., (1991) and
Mezrioui and Oudra, (1998) found out that Vibrio cholerae and E. coli behave differently under
the same conditions. They found that whereas V. cholerae populations increased with pH and
temperature, E. coli populations decreased and they concluded that a great deal of caution was
needed to be used when assessing the health risks of wastewater based on faecal pollution
indicators alone. Nascimento et al., (1991) found removal kinetics to be different for different
indicator organisms and recommended that multiple indicators should be used in the kinetics of
pathogen removal. Other authors also doubt the reliability of E. coli (Burkhardt III et al., 2000;
Len et al., 2000). This is because the behaviour of the real pathogens may be different from the
indicator organisms. Most research work on pathogen removal has been done using E. coli and
Enterococcus.

All these bacteria belong to the family Enterobacteriaceae and occur mostly in the intestines of
animals including man. These Gram-negative rods are usually associated with intestinal
infections. They are the causative agents of such diseases as meningitis, bacillary dysentery,
typhoid, and food poisoning (Table 6).

Techniques for indicator organism isolations

Techniques usually used to evaluate the microbiological safety of water are based on
determining its content of "indicator organisms". These are organisms that occur extensively in
human wastes, whether or not the person suffers from a waterborne disease. Accordingly, they
do not necessarily relate directly to the populations of pathogens but provide an estimate of the
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extent to which human wastes have contaminated the water recently. The principal indicator
organism used in evaluating water quality is the coliform group of bacteria.
Desirable characteristics of indicator organisms are:
e They should be harmless to humans.
e They should be present in polluted waters when pathogens are, or might be, present.
e The number of indicator organisms in polluted water should be correlated with the
probability that pathogens are present.
e They should be present in polluted waters in numbers higher than those of pathogens.
e They should be easy and quick to identify and to enumerate through relatively simple
laboratory tests.
e They should not multiply under conditions where pathogens do not multiply.
e They should survive unfavourable environmental conditions longer than pathogens do.
(This insures that waters that have been treated to produce low or zero populations of
indicator organisms are safe).

Several methods are employed in the determination of indicators organism. The coliform test is
used as an indicator of sanitary quality. Faecal coliforms are standard indicators of choice for
shellfish and shellfish harvested waters, wastewater treatment plants effluent quality and general
pollution trends in surface and ground water. E. coli is used to indicate recent faecal
contamination. Techniques for the enumeration of coliforms, faecal and E. coli include the most
probable number (MPN) technique that is a standard statistical multi-step method consisting of
presumptive, confirmatory and completed phases using serial dilution in multiple tubes. The use
of membrane filters is equally used but when the water or wastewater has a lot of suspended
solids it may interfere with the results. Serial dilutions of the sample are made and plated in an
absorbent pad embedded in a broth or a solid agar. Continuous developments in faecal bacteria
enumerations have resulted in the production of chromocult agar that can isolate pathogens like
Salmonella simultaneously with E. coli, coliforms and other enterobacteria, which cannot be
chromogenically differentiated by the medium. The medium has been found to be suitable for
faecal bacteria determination in wastewater treatment plants (Byamukama et al., 2000).

Identification of microbial pathogens has also been done with the help of genetic probes (Actis
et al., 2003). In this PhD research, MPN, membrane filtration and Chromocult agar isolation
methods for faecal bacteria identification were used.

The coliform group of bacteria

Large populations of certain bacteria (Escherichia coli) grow in the intestinal tracts of humans
and are excreted in faecal wastes. The "coliform group" of bacteria includes Escherichia coli (E.
coli) and some different types that originate from other sources as well as in human faecal dis-
charges.

The coliform group is used to evaluate the microbiological quality of waters; the number present
is interpreted as an indicator of the extent to which that water has been contaminated recently by
human faecal discharges. Actually, the presence of coliforms does not establish that pathogens
necessarily are there. Some coliforms are capable of causing disease, but most are not viewed as
pathogenic; however, the number present does provide a measure of the probability that
waterborne pathogens might be there.

Although the coliform group meets some of the criteria just listed, it does have certain
limitations. For example, many bacteria in the group do not originate from the intestinal tracts
of humans and, therefore, really bear little or no relationship to the opportunity for pathogens to
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be present. Also, coliforms often can multiply in treatment facilities or watercourses (Gibbs et
al., 1997). This can produce high populations without corresponding sanitary significance,
because pathogens are far less likely to multiply under those same environmental conditions.

Coliforms usually outlast most of the common pathogenic bacteria during natural die-off in
streams or in treatment facilities, but they do not always survive viruses and several other
organisms. There is concern that the reduction of coliforms to low levels, or even their
elimination, may not always be accurate in indicating that the water is safe. For example,
Giardia lamblia often is present in unacceptable numbers in drinking waters, even with negative
or low coliform tests (http://water.sesep.drexel.edu/outbreaks/Sydney 5/r5voll.htm).

In spite of the shortcomings, the coliform test has served well to evaluate the risks of
transmitting waterborne diseases. It has been used for over 70 years as a key part of many
successful programs around the world for controlling the spread of waterborne diseases.
Although its accuracy and precision leave something to be desired, it still has provided a
valuable and generally reliable technique for evaluating the safety of drinking water and
warning of unsafe microbiological conditions when they occur. No other analytical method has
been devised yet that does the job better.

Even though these indicator organisms are supposed to be non-pathogenic, E. coli and
enterococci can become pathogens and have caused outbreaks of enteric diseases (Health News,
2004). Some are also antibiotic resistant and this is considered as a threat to public health
(Cetinkaya et al., 2000).

Review on pathogen removal mechanisms

Microbial cells are in a dynamic state, adapting readily to shifts in environmental conditions.
Examples are modification of enzyme synthesis to take up growth limiting nutrients, modulation of
uptake rates for nutrient available in excess, re-routing of metabolic pathways to avoid possible
blockages due to specific nutrient limitation and co-ordination of synthetic rates to maintain
balanced growth (Rozac and Colwell, 1987). These adaptive processes vary from organism to
organism and can prevent the removal of pathogens under different conditions. Both pathogens
and non-pathogenic microbes in the external environment other than the host are subjected to
several processes and factors, which bring about their death or removal. Microorganisms are
removed in nature through sedimentation, attachment, predation, filtration, allelopathy, direct
sunlight and harsh environmental conditions such as extreme temperatures, pH, DO and
dissolved solids. Mechanisms affecting pathogen removal may be grouped in three broad
categories. These are biological and physical processes and chemical conditions all operating to
bring about microbial removal and die-off.

Removal in this context is the removal of pathogens from a treatment system through
mechanical or engineering designs such as sedimentation through tanks, direct kill due to harsh
environmental conditions created in waste treatment system, or predation of the pathogen by
other organisms.

Physical factors and processes

Basically, the physical processes that affect pathogen removal in wastewater are filtration and
sedimentation. Attachment has been added in this section because it is closely linked to
sedimentation. Factors such as temperature and sunlight have been included in this section.
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Temperature

Generally, optimal growth of bacteria occurs within a fairly narrow range of temperature,
although the organism may be able to survive within much broader limits. Temperatures above
the optimum typically have a more significant effect on growth rate than temperature below the
optimum; it is reported that growth rate of bacteria doubles with approximately every 10°C rise
in temperature (expressed as Q;¢=2) until the optimum is reached (Metcalf and Eddy, 2003).
More research work has considered faecal bacteria removal as a much more complex
mechanism involving interactions between the physical, chemical and biological systems
present in the lagoon although temperature clearly remains an important parameter. For
example, Polprasert et al., (1983), Pearson et al., (1987a, b), Barzily and Kott (1991), and
Mezrioui €t al., (1995) have all observed that removal of faecal coliforms is increased with
increase in temperature. However, Mara and Pearson (1986) pointed out that the relationship
between die-off and increasing temperature must be indirect, since high levels of removal were
found in tertiary lagoons in comparison to anaerobic and facultative lagoons operating at the
same temperature. The indirect factors could be pH shifts, oxygen (radicals etc.), which might
have played a role.

Other scientists (WPCF, 1990; USEPA, 1988) showed that the minimum water temperature
needed to enable the use of stabilization ponds in wastewater treatment is 7°C. At such
temperatures pathogen removal will be achieved as conditions, which are created, become
detrimental to pathogens.

Sunlight

Sunlight has a lethal effect on coliforms and the rate of die-off is proportional to the intensity of
sunlight (Polprasert et al., 1983; Gersberg et al., 1987; Curtis et al., 1992a; 1994). Sunlight
effects on faecal bacteria removal have mostly been done in stabilization ponds.

The reason for the detrimental effect of faecal coliforms in the stabilization ponds is the ultra-
violet (UV) radiation (Moeller and Calkins, 1980; Whitlam and Codd, 1986; Curtis et al., 1994).
Meckes (1982) reported that coliform isolates, resistant to streptomycin, tetracycline and
chloramphenicol, were killed or inactivated by UV light. To be precise, Moeller and Calkins
(1980) and Davies-Colley et al., (1997) found the range of UV light with wavelength range of
290-320nm, as very important in the destruction of coliform bacteria. They found that UV-B
light reduces faecal coliforms by 99% in lagoons.

The fact that sunlight affects pathogen removal calls for the elimination of attenuation effects in
the ponds. When an influent is discharged at a great depth, the die-off of bacteria can slow down
considerably because sunlight cannot penetrate deeply enough.

Mara and Pearson (1986) also stated that algae are found in all tertiary lagoons. Since algae are
photosynthetic, they contain large amounts of pigments. According to Gray (2004), the amount
of solids synthesised, largely algal biomass, is proportional to the degree of illumination.
However, the more the amounts of algae present, the lower the sunlight penetration. Laboratory
studies in experimental ponds have demonstrated that the degree of illumination has no effect on
heterotrophic bacteria activity and that BOD removal is related to heterotrophic bacteria density
(Gray, 2004). The presence of algae is known to cause increase in pH and dissolved oxygen
concentrations.

Davies-Colley et al., (1999) concluded, based on their experiments on light, pH and oxygen
relationships using F-DNA, F-RNA viruses, enterococci and E. cali, that there are three light
mechanisms operating in stabilization ponds:
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e Mechanism 1 is caused by the direct UV-B light, leading to an oxygen independent
damage to F-RNA and F-DNA viruses. Under low light doses repair may occur.

e Mechanism 2 is caused by photo-oxidative damage by oxygen reactive species
produced by substances present in the cells. A range of internal targets may be damaged
by single strand DNA breaks. This process is weakened when the light intensity is low.

e Mechanism 3 is the photo-oxidative damage by exogenous photosensitizers notably
dissolved humic substances, which absorb a wide range of wavelength of the sunlight,
decreasing in efficiency as wavelength increases.

The type of mechanisms for the removal of the pathogens studied by the authors was dependant
on the type of pathogen.

Continuous diurnal measurements of E. coli levels in wastewater indicated a decrease during the
day (after exposure to sunlight) and an increase after sunset (Almasi and Pescod, 1996). Gibbs
et al., (1997) explained the above observation to be due to revival of pathogens, which have
been inactivated after exposure to harsh conditions (high pH) when favourable night conditions
return.

Liltved and Landfold (2000) support the existence of mechanism 1 and explained further that
DNA damage is caused by the absorption of UV-B (280-320nm) by DNA leading to the
formation of photoproducts (pyrimidine dimers). These substances further cause cessation of
growth and ultimately death. For photo-oxidation damage, in mechanism 2, Liltved and
Landford (2000) believed that the indirect effect of photo-oxidation is caused when sunlight is
absorbed by a sensitizer, which enters an excited state capable of causing cell damage. In the
presence of oxygen, reactive species of singlet oxygen, superoxides, hydrogen peroxide and
hydroxyl radicals can be produced (Zepp, 1988; Curtis et al., 1992a). Since the cytoplasmic
membrane is a preferable site for the reactive species rendering it susceptible to osmotic attack,
they concluded that it is the destruction of the cell membrane that leads to the death of the
bacteria under sunlight conditions.

Under dark conditions, E. coli is capable of photo repair (Harm, 1968), which can take place in
fractions of minutes (Liltved and Landfold, 1996). This means that sampling of effluent from
stabilization ponds and other experiments evaluating the performance of bacteria removal
should be done after photo repair, usually in the early hours of the morning before full sunlight
activity takes place. To summarise, the damage caused by sunlight is due to the toxic oxygen
radicals produced, which affect the cell membrane and make it more susceptible to simple
factors such as osmotic shock and pH. The complexity of sunlight effects needs further
elucidation. The effect of nutrient load and conductivity may all affect sunlight effects and this
should be investigated further. Earlier works by Orlob, (1956) and recent works by Van der
Steen et al., (2000) and Liltved and Landfold, (2000) suggest that the addition of nutrients like
glucose and solutes like NaCl respectively, increase the survival chances of bacteria under both
light and dark conditions. This may explain the contradictions common in the literature since
other factors affecting bacterial removal are usually not considered.

Filtration

Filtration consists of straining out particles larger than the pore size of the filter. In filtration,
there is sometimes adhesion of smaller particles to large ones, which are then filtered. Filtration
by the soil medium and attached biofilm has been suggested as one of the mechanisms involved
in pathogen removal in wetlands (Vincent, 1994). This is also expected to occur in MP through
attachment on submerged plant surfaces.
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Attachment/Adhesion

Attachment of pathogens may take place on the surface of plants as well as on the inner walls of
the container of the wastewater and to solid matter that sinks to the bottom as sediment. Almost
all pathogens have some means of facilitating their attachment to host tissues. According to
Tortora et al., (2003) adherence is a necessary step in the pathogenicity of most pathogens. The
attachment between pathogen and host takes place by means of surface projections on the
pathogen, called ligands (adhesins), and complementary surface receptors on the host cells. The
attachment is mostly due to the polymers produced by flagella and fimbriae or pili (Marshal,
1973; Rheinheimer, 1992; Droopo and Jonash, 1980). In some cases, the ligands are associated
with other microbial surface structures such as pili. For instance, an E. coli strain, which is a
commensal in the human intestinal tract, attaches itself to intestinal epithelial cells by means of
ligands situated on the pili. Enterococcus faecalis adheres to the surface of the tooth enamel by
producing an extracellular polysaccharide whereas the eggs of some helminths have hooks
which act as adhesive structures (Fletcher, 1996; Tortora et al., 2003).

Attachment may play a role in sedimentation; due to increase in weight of pathogen attached
suspended solids that ultimately sink to the bottom. The surfaces of suspended particles offer a
nutrient-rich site for bacterial metabolism. This may change their size and shape and
consequently their sedimentation rates (Droopo and Orgley, 1974; Wilkinson et al., 1994).
Faecal coliforms and other bacteria aggregate into larger particles with the help of the frimbriae
or pili so as to hasten settling-out. Wilkinson et al., (1994) have suggested that most bacteria
form stable suspensions that can only settle when the system becomes destabilised as in floc
formation. They found that sedimentation of bacteria is unlikely to occur under turbulent flow
conditions. The role of sedimentation in pathogen removal ranges from 0 to 100% (Maynard et
al., 1999). There are several factors, which may affect sedimentation including thermal
stratification, turbulence due to wind action. The shape of ponds to achieve effective
sedimentation needs to be considered in future experiments. In addition, when bacteria die there
is a sloth off and the biofilm fall to the bottom as sediments. This also shows that attachment is
a biological process requiring active metabolism in order to take place. In the macrophyte
ponds, sedimentation is expected to play a major role in pathogen removal because of the
quiescent conditions, which will be created due to the plant cover. The plant cover will reduce
turbulence due to wind action.

Most research studies conducted on attachment are focussing on floating macrophytes, because
of the visible nature of their roots. Algae being microscopic have not been considered as
providing larger surface area for attachment than the macrophytes. The attachment of the
pathogens to the algae may enhance die-off, because of generation of harsh environmental
conditions on the surface or they could be protected (Mezrioui et al., 1998). Chapter 8 of this
thesis will show the role of attachment in faecal bacteria removal in algae and macrophyte based
ponds.

Chemical factors and processes

Chemical factors responsible for pathogen removal include pH and dissolved oxygen. The effects
of xenobiotic compounds and toxic metals associated with wastewater have not been thoroughly
investigated.

pH

The hydrogen ions in aquatic environment are central to many metabolic reactions in microbial
cells, including energy generation and ion transport (Mitchell, 1992). This is important in almost all
phases of water and wastewater treatment. Aquatic organisms are sensitive to pH changes and
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biological treatment requires either pH control or monitoring for two reasons. First, discharge
requirements generally mandate that pH be between 6.0 and 9.0. Secondly, wastewater with an
increased pH may present problems to biological treatment operations that follow. The optimum
pH for faecal bacterial growth ranges from 6.5 to 7.5. pH below 4.0 or above 9.5 will reduce the
treatment efficiency in terms of BOD removal. Contrarily, levels of pH higher than 9 are effective
in pathogen removal (Parhad and Rao, 1974; Pearson €t al., 1987b; Curtis et al., 1992a). Frijns and
de-Jong (unpublished) demonstrated that both high (>8.5) and low (<4.0) pH leads to higher die-off
of E. coli, whereas a neutral to slightly acidic pH is best for E. coli survival.

Considering the removal of faecal coliforms observed at different pH in the dark, Parhad and Rao,
(1974) reported a striking increase in the removal of cultured E. coli in raw sewage at about pH 9.
Mills, (1987) working separately with cultured pond isolates in distilled water, concluded that pH 9
was the major cause for faecal coliform removal. Trousellier & al., (1986) showed that high pH is
one of the key causal effects controlling bacteria removal in sewage lagoons. Awuah et al., (2003)
also concluded from pH effects studies that high pH (>9) is the major cause of faecal coliform
removal in domestic wastewater.

Curtis et al., (1994) also looked at high pH as very important since it not only increased the rate of
photo-oxidation but also made the most penetrating wavelength of light bactericidal. They stated
that the membranes are the most likely sites of action for exogenously reduced O, peroxides,
superoxides and hydroxyl radicals. Even after radiations had ceased the sensitivity of faecal
coliforms to the high pH persisted. They concluded that membranes were the active sites for
exogenously reduced radicals.

Some organisms may behave differently under different pHs. Enterococci were found to be more
tolerant to high pH (>9) than to acidic conditions (Awuah et al., 2001). Davies-Colley et al., (1999)
also found in their study on waste stabilization ponds that enterococci were also not affected by
sunlight when pH was increased from 7.5-9.5 and under low DO levels, low pHs do not have effect
on their inactivation. E. coli inactivation was however faster at high DO and at high pH.

Causes of pH changes

Carbonate (COs%) and bicarbonate (HCO5") act as the primary buffer for most natural waters.
Reactions that produce or consume carbon dioxide (CO,) may alter the pH temporarily until
equilibrium with the atmospheric CO, is re-established (Gilmour, 1992). In algal ponds CO, is a
limiting factor during photosynthesis. In the absence of CO,, bicarbonates and carbonates in
solution are utilised. This alters the balance of the carbonate reactions to produce OH and
creates alkaline conditions. This phenomenon can alter the pH by as much as 2 to 3 units from
neutral (Wetzel, 2001). During the daytime, photosynthesis takes place resulting in increased
dissolved oxygen levels. At night there is no photosynthesis, but some of the oxygen produced
is used for respiration to produce CO,, which goes back into the wastewater.

Dissolved oxygen (DO)

The oxygen dissolved in a water body is caused by gas-liquid mass transfer at the surface and
subsequent mixing throughout the depth of the water (Baumgartner, 1996). According to this
report, rivers can hold only a small amount of DO depending on temperature and turbulence of the
water. Ponds hold much less oxygen than flowing water bodies, which are aerated due to frequent
agitation by the flowing water. However, in the presence of algae, high levels of oxygen could be
produced depending on the algal populations. The oxygen produced by algae in ponds provides the
bulk of the oxygen needs of heterotrophic bacteria.

Being facultative anaerobes, faecal coliforms are able to survive under high and low oxygen
concentrations. Under anaerobic conditions, faecal coliforms were found to survive for longer
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periods than under aerobic conditions (Klock, 1971). In their separate studies Klock (1971) and
Marais (1974) found that aeration enhanced faecal coliform die-off rates. Kaneko (1997) also found
that the removal of polioviruses, bacteriophages and Coxsackie virus B3 is enhanced by aeration.
Davies-Colley et al., (1999) observed that F-DNA viruses’ inactivation is independent of DO while
F-RNA viruses’ inactivation increased with increases in DO levels.

Sudden changes in oxygen concentration increased the die-off of Salmonella typhimurium
strains (Barzily et al., 1991). In aerated water, Enterococcus faecalis and E. coli were more
rapidly inactivated than without aeration in the presence of sunlight (Reed et al., 1988).
According to Van Buuren and Hobma (1991), DO concentrations less than 0.5 mg/L did not
have any significant effect on the die-off of faecal coliforms. Pearson et al., (1987a) reported
that the level of aeration appeared to make little difference to Clostridiumremoval.

Biological factors and processes

Biological factors, which can enhance pathogen removal in wastewater treatment systems, may
include attachment, competition for nutrients, predation, allelopathic effects and lysis by viruses.
(Attachment has been treated in the previous section).

Effects of the bacterial population

The presence of other bacteria through competition for nutrients and predation mechanisms can
have an impact on pathogen removal. Several workers have reported on the importance of nutrient
availability to the growth and survival of microorganisms (Atlas and Bartha, 1981; Portier and
Palmer, 1989; Mitchell, 1992). High organic loads decrease the rate of pathogen removal in
wastewater (Pearson et al., 1987a; Kaneko, 1997; and Almasi and Pescod, 1996). According to
Atlas and Bartha, (1981) the intestinal bacteria populations and other pathogens are reduced in
numbers and eventually eliminated by competition by the aquatic autochthonous bacteria
populations. It has been suggested that nutrient supply and competition for nutrients in the
heterotrophic bacteria community are important in determining faecal bacteria die-off rates (Klock,
1971; Wu and Klein, 1976; Legendre et al., 1984).

Some bacteria have been found to reduce the number of viral pathogens. Kim and Unno, (1996)
reported that Bacillus subtilis, Pseudomonas aeroginosa and Klebsiella pneumoniae can inactivate
polioviruses through predation. However, bacteria are themselves prone to attack by predators. The
effects of competition for nutrients of heterotrophic bacteria on pathogen removal in pond systems
have not been thoroughly investigated.

Protozoan predation effects

Protozoa prey on organisms such as bacteria, yeasts, algae and other protozoa (Storer €t al., 1979).
MacCambridge and MacMeekin (1979;1980) have demonstrated the importance of protozoan
predation on E. coli. Kim and Unno (1996) in their study showed predation of viruses by protozoan
to be more efficient than that of bacteria. Some protozoa have been identified to feed on faecal
coliform, diptherial, choleral, typhal and streptococcal bacteria species (Enzinger and Cooper,
1976; MacCambridge and MacMeekin, 1979; The conclusions drawn from bacteria predation by
protozoa so far reached are that: 1. Slow growing bacteria are eliminated in environments with
intense protozoa predation (Atlas and Bartha, 1981; Sinclair and Alexander, 1989); 2. Increasing
protozoa populations are also known to positively influence the activated sludge performance by
causing an improvement in effluent quality (WPCF, 1990). 3. The protozoa density producing
effective removal of bacteria using Tetrahymena pyriformis ciliates were >10° per mL (Curd and
Vandyke, 1966).
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A major question, which needs to be addressed is what the level of protozoa in pond systems are
and what role they play in pathogen removal. Some aspects of these issues have been addressed in
chapter 9. Nematodes, rotifers, ciliates, amoebae and bacteriophages are known to feed on bacteria
with some specificity (Wilt et al., 1973).

Effects of viruses

Some viruses (bacteriophages including coliphages) attack and lyse bacterial cells to reduce their
population (Proctor and Furmann, 1990). Details of pathogen lyses by viruses are not well
investigated and more work is needed in this field. The effect of coliphages also needs further
investigation. Presence of coliphages in wastewater produced a higher die-off in batch incubation
experiments than controls, which were not seeded with cultures of coliphages (Awuah, unpublished
data).

Effects of macrophytes and algae

Some plants are believed to produce chemical substances, which can either enhance or reduce
bacteria survival. Paspalaris and Hodgson (1994) found cold water extracts of the leaves of cypress
(Cupressus macrocarpa) capable of supporting the growth of Citrobacter freundii, E. coli,
Enterobacter cloacae and Salmonella derbyi while, hot water extracts inhibited all the organisms
except E. cloacae.

Algae may also have both bactericidal and growth enhancing effects on pathogens. Mezrioui and
Oudra (1998) observed that the survival time of Vibrio cholerae was extended in an artificial
aquatic environment in the presence of algae. In waste stabilization ponds, in the presence of algae
(Chlorélla), V. cholerae population reduced more than E. coli but cyanobacteria however had the
opposite effect (Mezrioui and Oudra, 1998). Similarly, Vela and Guerra (1965) observed that
Salmonella typhi and Salmonella paratyphi grew well in the absence of Chlorella pyrencidosa
while Shigella, Proteus and streptococci (enterococci) decreased in number when exposed to
Chlorédla. According to Mayo and Noike, (1996), in the presence of the algaec Chlorella vulgaris,
heterotrophic bacteria growth was reduced and this was attributed to competition for glucose with
optimum competition occurring at neutral conditions. Competition for glucose declined at high pH.
Chlordla wvulgaris is reported to produce toxins of long chain fatty acids when under stress
including high pH (Pratt and Fong, 1940). The algal toxins are clearly selective in pathogen
destruction. The populations of algae found in stabilization ponds vary with time (Palmer, 1969).
The types of algae in ponds at any given time will affect the indicator organisms differently causing
a change in performance if algal toxins or protection are major mechanisms involved in the
removal of pathogens in that particular environment. This calls for the identification of algae in
ponds.

Retention time

Hydraulic retention time (HRT) in lagoons, which is the period the wastewater will remain in
the system before discharge, is of great importance in the die-off/removal of pathogens. If the
time of treatment in ponds is extended it enhances die-off. Metcalf and Eddy (2003) have stated
that the degree of sedimentation is dependent on the hydraulic retention time. Also, the number
of organisms that are removed during wastewater treatment depends on HRT (Oragui et al.,
1986) since it allows more time for aggregation, flocculation and settling of suspended particles
to which microorganisms including pathogens are attached. The longer the period the higher the
chances of pathogens exposed to removal factors such as sunlight, pH, DO and temperature
(Rangeby et al., 1996). In domestic wastewater, Feacham et al., (1983) give a range of 30-60
days for pathogenic bacteria removal. For helminths it can even take several months. Grimason
et al., (1996a, 1996b) showed that a HRT of 25.3 days is required for the removal of Ascaris
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eggs and Giardia cysts in Eldoret, Kenya. However, 40 days will be required to accomplish this
in Meze, France. These retention times are longer than the WHO recommended guideline values
of 8-10 days to achieve the standard of 1 helminth ovum per litre (WHO, 1989). This may cast
doubts on the reliability of the guidelines provided by WHO. Application of the WHO
guidelines may produce poorer effluent quality than predicted. In macrophyte-based ponds,
HRT may be a critical factor since sunlight mediated actions discussed previously are almost
completely absent. The review of the guidelines should consider the technologies in use as well
as the country involved.

Depth may increase retention period but may decrease sunlight penetration in algal ponds. Mayo
(1989) found that while faecal bacteria reduction in wastewater was observed to increase with
solar intensity and hydraulic retention time, it decreased with depth. Agunwamba (1991) and
Pearson et al., (1996) also found reduction in pond efficiency with respect to bacteria die-off
rate in deeper ponds.

Natural die-off

Natural die-off is one of the most important faecal coliform removal mechanisms. All living things
die. This is a natural phenomenon. Generally, faecal coliform decay is observed in natural waters.
The die-off is different in different environments. It is generally faster on crops, followed by natural
water and then in soil. In soil, pathogens may survive 10 times longer than on crops (Feacham et
al., 1983). In wastewater treatment systems, environmental conditions could either increase or
reduce the rate of die-off. Bacteria die-off is usually represented with Chick's Law equation as
Ct/Co=e™, where k (often expressed as k) is the die-off rate, t is the retention time, Ct is the
concentration of bacteria (number per volume) at any time t and Co is the initial concentration. The
suggested WHO value to be used for designing WSP is 1.07 (Johansson et al., 1996).

Saqqar and Pescod (1992) observed that k increased with increase in temperature, solar radiation
and pH. Correlation analysis showed that k is more responsive to temperature than solar radiation
and pH. Mara et al., (1986) found the die-off rate in primary ponds in Kenya to be high in
anaerobic ponds and low in maturation ponds. This however, changed when algal bloom of
Scenedesmus quadricauda occurred in the pond and created a pH around 10. At this pH no
coliform was detected. Studies in Portugal showed that temperature, precipitation and sunlight have
an effect on bacterial die-off in waste stabilization ponds (Nascimento €t al., 1991). It was observed
that for faecal streptococci, faecal coliforms, Clostridium perfringens, Pseudomonas aeruginosa,
and heterotrophic bacteria, the die-off rate varied not only in the same pond but also from pond to
pond. Influence of climatic factors was strongest in anaerobic ponds and least in maturation ponds.

The die-off rate is higher in wastewater with a low organic load. The k value in UASB ponds is
much higher than that in anaerobic ponds (Van Haandel and Lettinga, 1994; Catunda €t al., 1996).
Others, including Dewedar and Bahgat (1995), have found that in field experiments, faecal
coliform die-off rate (k) increases after stationary phase 3 to 5 days later. Troussellier et al.,
(1986) found that when the faecal coliform concentrations were high, the removal rate for faecal
coliforms was high despite an inadequate treatment period in the lagoons. They concluded that
other factors therefore must be involved in the removal mechanism. Mubanga (2002) also
observed that when E. coli concentrations are high they tend to die faster than at lower
concentrations. The die-off rate, which is generally, based on Chick’s law uses exponential
equations. It must be noted that not all bacterial die off may follow this equation. The natural die-
off occurs as a result of the environmental conditions and the long retention periods.



Chapter One: Introduction 22

Concluding remarks

The pathogen removal mechanisms in pond systems focus on maturation ponds where algae
mediated reactions produce high DOs and high pH. The mechanisms in facultative and anaerobic
ponds are not clear in the literature. It has however been demonstrated throughout the review that
sunlight is very important in pathogen removal.

Other mechanisms involved in pathogen removal in pond systems have not been studied
extensively as sunlight and pH. In macrophyte ponds the literature is scarce on the subject matter.
Since sunlight is virtually absent in macrophyte ponds, the removal of pathogens should be
enhanced through other mechanisms, which promotes the destruction of pathogens in the absence
of sunlight. The complex nature of microorganisms and the environment in which they operate will
not make the design of experiments easy. Results may also be difficult to explain in some cases.
Literature on helminths, viruses and protozoa is scarce. Not much is being done in this field.

All mechanisms discussed are important depending on the pathogen under investigation. The extent
of each important mechanism must be examined and incorporated in the design of wastewater
treatment for optimisation. In this review, time may be the critical factor, which must be looked at
since environmental conditions need time to act and to promote natural die-off, which may be the
key factor in waste stabilization ponds.

In algal ponds, sunlight triggered mechanisms associated with pH, dissolved oxygen and
sedimentation may be the key factors in pathogen removal. Bacteria predation by protozoa may
play a significant role if protozoa population levels are high. Attachment may play a significant role
in pathogen removal. The pathogens may get attached to algae and get exposed to the harsh
conditions created in the ponds around the algal cells.

In macrophyte ponds, sedimentation, attachment, long retention periods and predation may be the
key factors for pathogen removal.

More research work should be conducted on the removal mechanisms for viruses, protozoa and
helminth eggs. Studies into the mechanisms other than sunlight triggered ones involved in pathogen
removal especially in macrophyte ponds should be encouraged in the wake of resource recovery
options in wastewater treatment of today.

Scope and content of PhD thesis

This PhD thesis concentrates on some of the issues raised by looking at the performance of
macrophytes and algal waste stabilization ponds and their environmental conditions. In addition,
the effect of pH, attachment and protozoa grazing on faecal bacteria removal in waste stabilization
ponds has been studied to some extent. The study was however limited to short incubation studies
on batch scale, bench and pilot scale continuous flow systems. Chapter 1 which is the introduction
also provides an overview of the pathogen removal mechanisms in pond systems.

Chapter 2 looks at the performance and environmental conditions in macrophyte and algal ponds
on batch-scale. The environmental conditions in continuous flow systems and effect of pH in the
removal of enterococci are examined in chapter 3. In chapter 4, the environmental conditions in
bench-scale continuous flow systems are examined in detail using diluted sewage and the effect of
pH on faecal coliform removal is evaluated. The effect of fluctuations in pH (which are common in
algal ponds) on removal of E. coli, coliforms, Salmonella and other enterobacteria are also studied
in chapter 5.
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Chapter 6 examines the performance of macrophyte and algal ponds using diluted sewage.
Emphasis is placed on faecal coliform removal and population at different levels in both
macrophyte and algal waste stabilization ponds.

Chapter 7 looks at the performance of organic and nutrient loads removal and faecal bacteria
removal using raw sewage (medium strength sewage). Emphases were put on faecal bacteria
removal using E. coli, coliforms, Salmonella, other enterobacteria and enterococci.

In Chapter 8, the possible role of attachment in the removal of faecal bacteria is studied both in a
batch scale and in a continuous flow system.

In chapter 9 the feasibility of predation by protozoa on faecal bacteria was assessed in macrophyte
and algal ponds by looking at protozoa population profiles. Batch-scale experiments on removal of
faecal bacteria in the presence and absence of protozoa were also carried out.
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Environmental conditions and enterococci removal in macrophyte and
algal-based domestic wastewater treatment systems

Abstract

The environmental conditions and faecal enterococci removal in batch-scale water lettuce (Pistia
stratiotes), duckweed (Lemna paucicostata) and algal ponds were determined over a period of 29 days
under tropical conditions. Batch-scale incubation experiments were conducted in 4.5L plastic containers.
A control of raw sewage stored under dark conditions was included. Environmental conditions such as
temperature, pH, and DO, heterotrophic bacteria and enterococci populations were monitored four times a
week at 8, 12 and 20 GMT. BOD and COD were monitored once a week for five weeks. Average
temperatures within the systems ranged between 28.3°C in the raw wastewater to 30.6°C in the algal
ponds. Low levels of pH 4.5 and DO levels of 3mg/L were recorded in the water lettuce ponds. The
duckweed ponds had neutral pH and DO of 6mg/L. The raw wastewater under darkness had neutral pH
and low DO concentrations. High pH levels around 10.5 and DO of about 20mg/L. were observed in the
algal ponds in the afternoons. All pond systems performed equally well in enterococci removal and BOD
reduction. The enterococci population decreased from 1.2 x10* /100mL to values < 100/100mL in all
treatment systems. The BOD decreased from 130mg/L to 5.0, 7.5, 10 and 15mg/L in the duckweed, water
lettuce, raw wastewater and algal treatment systems respectively.

Keywords Water lettuce; duckweed; enterococci; macrophytes; wastewater

Introduction

Wastewater treatment plants in many developing countries have broken down due to
introduction of advanced technologies, high operation and maintenance cost, and lack of skilled
personnel, logistics and incentives. As a solution to the above problems, natural purification
systems such as waste stabilization ponds have also been introduced. Unfortunately, these have
also been neglected and poorly maintained including recently constructed ones that are under
operation in Ghana (Awuah et al., 1996; Salifu, 1996; Awuah et al., 2002a). This calls for
resource recovery technologies to generate income as an incentive to wastewater treatment in
Ghana. Reliance on floating macrophyte (aquatic plants) is gaining recognition world-wide
because of the ability of these plants to remove nutrients from wastewater and the potential use
of the plants for aquaculture and poultry (Gijzen and Khonker, 1997; Gijzen and Ikramullah,
1999; Nhapi, 2003). The removal of pathogens is of utmost importance since enteric disease is
one of the major causes of death in children in developing countries (UNICEF/UNEP, 1990). In
Ghana, enteric disease is second to malaria in morbidity (Ministry of Health, 1996). There are,
however, conflicting reports on the efficiency of pathogen removal in macrophyte and algal
ponds. Studies with indicator organisms indicate that the removal of pathogens is more efficient
in algal ponds than in macrophyte ponds (Gijzen and Khonker, 1997). Other reports indicate
that macrophyte ponds are more efficient in the removal of pathogens than algal ponds (Mandi
et al., 1993; Garcia and Bécares, 1997). It must be noted that these experiments were conducted
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in different parts of the world with different climates and wastewater characteristics. The
removal of pathogens will depend on the environmental conditions within the ponds. The
treatment processes in natural systems are very complex and are influenced by many factors
such as hydraulic and hydrological characteristics, patterns of flow, retention time, biological
characteristics like species composition, plant life forms, root mat structure, microbial activity,
limno-chemical features and nutrient mass balances (Denny, 1997). The efficiency of pathogen
removal in algal ponds is well documented. These have been attributed to sunlight induced
physico-chemical parameters. Sunlight through photosynthesis increases the pH and dissolved
oxygen (DO) levels in the wastewater and this has been documented as the main factors
influencing pathogen removal (Parhad and Rao, 1972; Curtis, 1990; Curtis et al., 1992). In spite
of this, other researchers have also shown that sunlight may not be the only mechanism involved
in pathogen removal (Almasi and Pescod, 1996). In macrophyte ponds, the cover of floating
aquatic plants eliminates the direct effect of sunlight. Hence the conditions within such systems,
which determine the removal of pathogens needs to be investigated. The aim of the overall
research is to determine the pathogen removal mechanisms in algal and macrophyte ponds. The
objective of this study was therefore to make a comparative study of the environmental
conditions within macrophyte and algal ponds and their general performance, particularly
enterococci removal.

Materials and Methods

Location

The study was carried out at the Kwame Nkrumah University of Science and Technology
(KNUST) at Kumasi (Ghana). Kumasi is located in the tropical forest belt of Ghana between
latitude 6.40° and 6.35° N and longitude 1.30 and 1.35 W. It is at 250-399m above sea level. The
average temperature is 27.8°C and the annual rainfall is 1300mm.

Macrophyte Selection

Water lettuce (Pistia stratiotes) and duckweed (Lemna paucicostata) were selected primarily on
availability and economic uses. Even though the use of water lettuce for wastewater treatment
has not been studied in detail its treatment efficiency may be comparable to that of water
hyacinth (Brix and Schierup, 1989). Duckweed was found in many of the ponds around the
University. Water lettuce was also found in some streams, although it was rarer in Kumasi than
duckweed. Water lettuce is used as a pig feed and for curing asthma in Ghana. Duckweed has
no economic importance in Ghana now but chickens have been seen eating it.

Aquatic Plant Cultures

Water lettuce was cultured in tap water with NPK (15+15+15 by weight) fertilizer at a
concentration of 0.05 mg/L under sunlight conditions. Duckweed was cultured in sterilized
sewage in the laboratory. Duckweed was exposed to ambient environmental conditions for at
least three days prior to the introduction in the sewage. Algae were introduced into the algal
pond by natural colonization.

Experimental Set Up

A wooden box of size 1.2m x 0.8m x 0.2m was constructed. This was placed on a table at a
height of 1m in the open. The set up was roofed with transparent polythene sheet to protect the
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experiments from rain. Nine 4.5L white plastic containers were arranged in the box. The box
was then filled with sand, which was kept moist to prevent sunlight penetration from the sides
and to regulate temperature respectively.

Fresh sewage from KNUST wastewater treatment plant was digested anaerobically in the
laboratory for two days. Four litres of the digested sewage was poured into each container. The
water lettuce, duckweed and algae treatments were arranged in randomized block design and
exposed to sunlight. A control consisting of raw sewage without macrophyte or algae was kept
in the dark. Twenty-five grams fresh weight of water lettuce with an average of 20 roots was put
in each water lettuce pond, while duckweed ponds were started with 10g fresh weight. Water
lettuce was harvested once in a week and duckweed was harvested twice in a week.

Monitoring frequencies and laboratory analyses

The environmental conditions of the ponds were monitored 3 times a day, four times a week for
5 weeks. Heterotrophic and enterococci bacteria were determined from samples taken at a
frequency of once a week and three times a day.

Biochemical oxygen demand ((BOD) and chemical oxygen demand (COD) were measured once
a week for five weeks. Ammonia, nitrate, nitrite were measured at the initial and final stages of
the study.

Faecal enterococci were used as indicator organisms. Enterococci were determined by the pour
plate method on Slanetz Bartley agar after incubation at 44.5°C for 24 hours (Niemi and
Ahtiainen, 1995). Heterotrophic bacteria were determined by using total bacteria plate count
media after incubation at 37°C for 24 hours.

Analytical methods in Greenberg et al., (1992) were adopted in the laboratory determinations of
BOD, COD, ammonia, nitrate and nitrites. Temperature, pH and DO were measured in situ with
portable electronic probe Microprocessor Oxi /pH/mV 323/325 meters.

Results

Environmental Conditions

There were variations in environmental conditions between 8GMT and 20GMT readings for
temperature, pH and DO in all pond systems (Figures 1-3). The temperature in the water lettuce,
duckweed and algal system followed a similar pattern during the whole experiment with
temperatures between 27 and 32°C. The temperature in the control, which was kept in the dark,
remained constant at lower values between 27 and 28°C (Figure 1).
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Figure 1 Temperature variations in macrophyte and algal ponds

Water lettuce ponds decreased in pH over time and reached the lowest level (pH 4.5) on the
20th day after which the pH started rising gradually. The pH in the raw sewage and the
duckweed system stayed neutral 7-7.8 and turned slightly alkaline (8.6) towards the last few
days when algae colonization set in due to poor growth. The alkaline conditions in the algal
ponds rose to its peak in the first week and remained high till the end of the experiment. The
algal ponds fluctuated between neutral and alkaline conditions at 8GMT and 14GMT
respectively. pH values reached 10.5 at 14GMT (Figure 2).
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Figure 2 pH variations in macrophyte and algal ponds

There was a big difference between the DO patterns in all four systems. A minimal increase of
up to 1 mg/L after two weeks was seen in the (raw sewage control) due to air diffusion. The
water lettuce and duckweed brought more O, into the water due to photosynthesis, showing
levels of up to 3 and 6 mg/L, respectively. Dissolved oxygen concentrations in the algal ponds,
which were beyond saturation levels had readings of up to about 20mg/L in the afternoons

(Figure 3).
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Figure 3 DO variations in macrophyte and algal ponds

Heterotrophic and enterococci bacteria removal

Heterotrophic and enterococci bacteria started decreasing from the onset to the end of the
experiment in all the pond systems. The bacteria counts at 14 GMT were always lower than
8GMT and 20GMT counts in the water lettuce, duckweed and algal ponds. There was not much
difference in the decline of bacteria in all the 3 pond systems. Enterococci were efficiently
removed in all systems (Figures 4-5). It seemed that the different environmental conditions
established in all the different systems have been effective in the removal of enterococci.
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Figure 4 Heterotrophic bacteria in macrophyte and algal ponds
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Figure 5 Enterococci bacteria in macrophyte and algal ponds

Organic Matter and Nutrient Removal

All treatment systems removed BOD, COD, ammonia, nitrate and nitrite-nitrogen effectively
(Table 1 and Figure 6). Ammonia removal was very high over 99% in all treatment systems.
Nitrate removal ranged from 48% in the algal ponds to 62% in the control. Nitrite was
completely removed in all treatment systems.

Percentage removal for Organic load removal ranged from 89% in the algal ponds to 96% in the
duckweed ponds.
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Table 1 Nitrogen removal in macrophyte and algal ponds

Parameter Initial Final concentrations after 29 days
(mg/L) concentration Control Water lettuce Duckweed Algae
Ammonia-N 51.10 0.40 0.00 0.14 0.00
Nitrate-N 2.21 0.82 0.89 0.96 1.14
Nitrite-N 0.02 0.00 0.00 0.00 0.00
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Figure 6 Organic matter in macrophyte and algal ponds

Discussion

Environmental conditions

The alkaline conditions created in the algal ponds observed in this study are well documented in
literature (Parhad and Rao, 1974; Curtis et al., 1992; Awuah et al., 2002b). A comparative study
of duckweed and algal stabilization ponds in different locations produced alkaline conditions in
the algal ponds and neutral conditions in the duckweed ponds (Van der Steen et al., 2000;
Zimmo et al., 2002). The environmental conditions in the water lettuce ponds have not been
studied in detail. Macauley (1999) observed slightly acidic conditions in water lettuce ponds
with pH values of 6.6 in comparison to neutral conditions (7.2) in duckweed ponds. In these
comparative studies low oxygen levels were associated with macrophyte ponds, while high
oxygen levels were associated with algal ponds. Sridhar and Sharma (1985) also observed acidic
conditions in water lettuce ponds in Nigeria. In contrast, Attionu (1976) found alkaline
conditions in water lettuce ponds in Ghana. The photosynthetic activities by algae together with
respiration created the high pH and DO conditions. The acidic conditions in water lettuce ponds
may be due to the release of CO, produced during respiration via the roots into the wastewater
medium. The gradual increase of pH in the water lettuce and duckweed ponds towards the end
of the experiments was due to death of the plants in the absence of nutrients after continuous
harvesting. Some spaces were thus exposed, giving room for algae to colonise. In the algal
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ponds there was no harvesting and most nutrients remained in the pond upon the decay of dead
algae to continue the growth of new algae and produce the same environmental conditions.

Heterotrophic and enterococci bacteria removal

The lack of differences in the decline of enterococci in all different systems could be due to
different factors operating in each type of system. The die-off in water lettuce ponds could be
due to the low pH observed. Awuah et al., (2002b) found that acidic conditions were
detrimental to enterococci. Garcia and Bécares, (1997) reported higher pathogen removal
efficiencies in macrophyte ponds than algal ponds. The macrophytes used were Typha latifolia,
Iris pseudacorus, Scirpus lacustris and Phragmites australis, all of which have very extensive
root systems, which they claimed provided a surface area for attachment of the pathogens.
Attachment to water lettuce could be a contributing factor in the water lettuce ponds. Spira et
al., (1981) and Awuah et al., (2005) found faecal bacteria attached to floating aquatic
macrophytes. Algal ponds are known to be very efficient in the removal of pathogens (Von
Sperling, 1996). Feacham et al., (1983) reported 100% removal for several pathogens including
Vibrio cholerae and Salmonella in waste stabilization ponds. The die-off in algal pond systems
was due to sunlight and strong pH and DO fluctuations observed in the systems (Davies-Colley
et al., 1999; Awuah et al., unpublished). Lack of nutrients may have also contributed to die-off
of the pathogens (Portier and Palmer, 1989). This is because the batch system used in this study
had no refreshments of nutrients. Sunlight is detrimental to bacteria (Pahard and Rao, 1974;
Curtis, 1990; Curtis et al., 1992). This could have resulted in the lower bacteria counts observed
in the afternoons (Figure 5-6). Pearson et al., (1987) and Konig (1984) also observed lower
bacteria counts in the afternoons and reported also that heterotrophic bacteria numbers actually
increased at nighttime. The fluctuations in bacteria can be attributed to photo repair (Liltved and
Landfold, 2000), which occurs in the dark after sunlight inactivation. In spite of the possible
mechanisms outlined, the enterococci removal in the raw sewage control in the dark did not
show any significant difference from the others (Figure 6). The presence heterotrophic bacteria
(Figure 5) might have enhanced competition (Wu and Klein, 1976). Long retention times might
have also contributed to the natural die-off of enterococci (Figure 5 and 6).

Organic load and nitrogen removal

A high efficiency of organic and nitrogen load removal was observed in all ponds. The removal
of organic load in the macrophyte ponds could be due to the presence of oxygen and surface
area availability for heterotrophic bacteria to attach and degrade organic materials. In spite of
the fact that the algae were not harvested, removal efficiency ranged from 75 to 90% in
agreement with Von Spelling’s (1996) observation. The reduction was due to sedimentation in
both the algae and the raw wastewater (control) to reduce organic load levels. Ammonia-
nitrogen and nitrates removal by water lettuce and duckweed were due to plant uptake and
during harvesting (Reddy and Debusk, 1987). Nitrification leading to denitrification might have
contributed significantly to overall N removal. The high removal efficiencies of BOD and NHj;
which were measured from the supernatant in water lettuce ponds are in line with BOD and NH;
removal of 83%, 93% respectively, reported by Sharma and Sridhar (1989) in their water lettuce
ponds. In addition uptake of ammonia, nitrate and nitrite by algae contribute to nitrogen removal
(Lai-P and Lam, 1997). High pH in algal ponds enhances ammonia volatilization (Zimmo €t al.,
2002). The DO levels observed in all systems enhanced the biodegradation of organic matter,
which resulted in the low BOD and COD levels observed. The ammonia-nitrogen removal also
correlated with organic load removal.

This study shows that in the presence of heterotrophic bacteria and a small amount of oxygen, if
the treatment process is given adequate retention time, wastewater will be treated to reduce
nitrogen and organic loads and eliminate pathogens.



Chapter Two: Environmental Conditions and Enterococci Removal in Macrophyte and Algal-Based Domestic 40
Wastewater Treatment Systems

Conclusion

There were differences in environmental conditions in all treatment systems. Acidic conditions
were associated with water lettuce, neutral conditions in duckweed and alkaline conditions in
algal treatment systems. Low dissolved oxygen was associated with macrophyte systems and
high dissolved oxygen levels above saturation observed in the algal treatment system.

There were no significant differences in the treatment efficiencies of the domestic wastewater
treatment systems, with and without macrophytes under these batch experiments. Enterococci
removal in all systems was similar even under dark conditions. This shows that mechanisms
other than sunlight induced conditions such as pH and dissolved oxygen in pond systems may
be responsible for pathogen removal. Competition for nutrients by heterotrophic bacteria,
attachment and settling of detached enterococci might have been the main reason behind the
removal of pathogens in the treatment systems studied. The interpretation of these results must
be done with caution since the indicator organisms used in this study are enterococci and does
not represent all groups of pathogens. Besides, the experiment was done on a batch-scale while
pond systems are continuous flow.
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The Effect of pH on Enterococci Removal in Water Lettuce, Duckweed
and Algal Ponds

Abstract

A batch scale experiment was conducted to determine the effect of pH on enterococci removal rate. The
batch experiment was conducted using pH 4, 5, 7, 9, and 11 treatments under light and dark conditions.
Enterococci concentrations and DO were measured every day and every other day respectively for nine
days. A bench scale continuous system was also constructed to determine the environmental conditions
and its effects on enterococci removal. The system comprised of water lettuce, duckweed and algal ponds
operating in parallel with each system having a series of four ponds and a total retention period of 28days
after two days of anaerobic pre-treatment. After two months of operation, temperature, pH, DO, TDS, and
enterococci populations were monitored. Enterococci die-off rates at pH 4, 5, 7, 9 and 11 in the light/dark
were (expressed as kd'l); 2.1/2.1,2.1/1.5,2.1/1.5, 2.1/1.4 and 1.1/1.0, respectively. DO levels in the batch
incubations were low, between 0.17 mg/L at pH 4 (light) to 0.56mg/L at pH 7 (light). Low pH of 4.4 was
obtained in the water lettuce pond system. Neutral conditions were observed in duckweed pond system.
pH values > 9 were observed in the algal pond system. Enterococci decreased from 7.8x10° to <
500/100mL in all pond systems after 28 days of treatment with no significant differences between
treatments.

Keywords: Water lettuce; duckweed; algae; enterococci; pH

Introduction

pH is an important environmental parameter in wastewater treatment. Aquatic organisms, which
play a role in treatment processes, are sensitive to pH changes, and biological treatment requires
either pH control or monitoring. Elevated pH has been found to contribute significantly to faecal
coliform removal in waste stabilization ponds (Pearson et al., 1987). Curtis €t al., (1992) have
similarly reported that high and fluctuating levels of pH and dissolved oxygen (DO) in algal
ponds are detrimental to pathogens in wastewater. Earlier studies by Awuah et al., (2001) on the
environmental conditions and enterococci removal in macrophyte and algal ponds on a batch
scale showed that there were no differences in the enterococci removal in all pond systems even
though the environmental conditions were different. A low pH of 4.4 was observed in the water
lettuce ponds, while neutral conditions were observed in the duckweed ponds. In the algal
ponds, a high pH of 10.5 was observed. The control (raw sewage kept in the dark) also had a
comparatively high level of pathogen removal. Most research work on the effect of pH on
pathogens in wastewater has focused mainly on high pH and on faecal coliforms. The use of
enterococci as an indicator organism has not been widely tested.

Our research is focused on determining the pathogen removal mechanisms in macrophyte and
algal ponds. The objectives of this study are to determine the effects of acidic, neutral and basic
ranges of pH on pathogen removal rate using enterococci as indicator organisms and to
determine the environmental conditions and enterococci removal of macrophyte and algal ponds
in a continuous flow system.
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Materials and Methods

The experiments were carried out at the Kwame Nkrumah University of Science and
Technology (KNUST), Kumasi, Ghana. Effect of pH on enterococci removal was conducted on
a batch scale in 1L-opaque white plastic containers. A grab sewage sample obtained from the
University treatment plant was allowed to undergo anaerobic treatment for two days. Eight
hundred milliliters of this anaerobically pre-treated sewage was put into each of thirty 1-L
plastic containers. Two sets of five treatments consisting of pH 4, 5, 7, 9 and 11 were made in
triplicates. One set of the five treatments was arranged in a randomized block design and placed
in moistened sand boxes (to regulate temperature in the containers) and exposed to sunlight. The
other set was kept in a dark cupboard in the laboratory to mimic conditions in macrophyte
ponds. The pH in the pond systems was adjusted daily with 0.2N HCI and 0.2N NaOH
solutions. Enterococci populations were measured daily while DO were monitored every other
day for 9 days.

A bench-scale continuous flow system was constructed to simulate continuous flow waste
stabilization ponds. The set up was made up of an anaerobic pond, followed by three parallel
lines of four ponds consisting of water lettuce (Pistia stratiotes) duckweed (Spirodela
polyhriza) and algae (natural colonization). Ponds were made of large opaque plastic containers
with a depth of 0.63m. Each pond had a retention period of 7 days and each pond system had a
total retention period of 28 days excluding 2 days retention period in the anaerobic pond. A flow
rate of 0.01m’ a day was maintained in all pond systems by gravity.

After 2 month start-up period, environmental parameters and enterococci numbers were
monitored. Temperature, pH, DO and total dissolved solids (TDS) were monitored every other
day at 8, 13 and 18 Greenwich Meridian Time (GMT) and at depth of 0.10m (surface), 0.35m
(middle) and 0.63m (bottom layer).

Enterococci populations of the effluents in the bench-scale continuous flow set up from each
pond were monitored five times during the study period. Temperature and pH measurements
were taken with a portable electronic pH meter. DO levels in the various treatments were
monitored with portable electronic probe microprocessor oximeter. Total dissolved solids were
measured with a Microprocessor conductivity meter.

The enterococci populations were determined using the spread plate method on a Slanetz and
Bartley medium at 44.5 C (Niemi and Ahtiainen, 1995). The enterococci removal rate constant
was calculated by using Chick’s law. The MSTAT statistical package was used to analyze the
results.

Results

Batch-scale

The DO levels in the batch scale pH experiment were generally low. The treatments exposed to
sunlight generally had higher values than those kept in the dark (Tablel). In light, pH 7 had the
highest DO of 0.56mg/L while the lowest DO of 0.17mg/L was recorded at pH 4 in light (Table
1). There were no significant differences between the mean DO readings recorded in the dark.
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Table 1 Daily mean DO and enterococci removal rates in light and dark conditions

Mean DO (mg/L) Removal rates (kd™)
pH Light Dark Light Dark
4 0.17a* 0.21a 2.1a 2.1a
5 0.40b 0.30d 2.1a 1.5b
7 0.56¢ 0.22a 2.1a 1.5b
9 0.33d 0.22a 2.0a 1.4b
11 0.43b 0.25a 1.1c 1.0c

*Different | etters means significant differences (p<0.05) in each table

No enterococci were detected after the fifth day and beyond at pH 4, 5 and 7 in the set exposed
to light. The incubation at pH 9 showed the presence of enterococci on day six but not on the
fifth or after day 6. All incubations under dark condition showed the presence of enterococci till
the 9™ day (Figure 1). pH 4 treatment had high die-off rate constants of 2.1 k' under both light
and dark conditions.

Effect of pHin sunlight Effect of pHin darkness
1.E+10
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1.E+06 -

1.E+04 -

1.E+02 -

Enterococci /100mls

1.E+00

T — 0 — 0 —©

——4 85 —aAa—7 %9 —xn—11

Figure 1 Enterococci removal at different pHs in domestic wastewater

Continuous flow system

Generally pH was acidic, neutral and alkaline in the water lettuce, duckweed and algal ponds,
respectively. pH did not vary significantly (P<0.05) with depth (Table 2).

Diurnal pH variations within individual ponds were also not significant (P<0.05) even though
higher pH was observed in the algal ponds, especially at 13GMT than at 8GMT and 18GMT
(Table 3). The pH of water lettuce ponds decreased from about 6.4 in the first pond to 4.4 after
28 days retention period (Table 2 and 3). In the algal ponds, pH increased from 7.5 in the first
pond to > 9 in the 4th pond. Highest mean pH of 9.5 was observed in this pond around mid-day
(Table 3). Higher DO values were recorded near the surface than in the sediments. DO
concentrations also increased during the later stages of treatment (ponds 3 and 4), reaching
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peaks of 3.1, 3.8 and 10.5mg/L for duckweed, water lettuce and algal ponds, respectively (Table
2 and 3). Diurnal fluctuations were greatest in the algal ponds.

Evaluation of the effluent from each of the four ponds in series of each pond system showed
that the longer the hydraulic retention time, the higher the efficiency of removal. The
enterococci concentration declined with time in all the pond systems from an initial
concentration of 7.8x106/100 m/L in the anaerobic pond to values below 500/100m/L in the last
pond (Figure 2).
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Figure 2 Removal of enterococci in macrophyte and algal ponds
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Table 2 pH, DO and TDS at different depths in pond systems

48

Parameter Treatment Pond number 0.10m 0.35m 0.63m
1 6.3+0.0 6.4++0.1 6.4+0.1
2 5.6+0.0 5.7+0.0 5.7+0.0
3 4.9£0.0 4.9£0.0 4.9£0.0
pH Water lettuce 4 4.4+0.2 4.6+0.1 4.4+0.2
1 7.0+0.0 7.0+0.0 7.0+0.0

2 6.9+0.5 7.0£0.0 7.0£0.1
3 6.8+0.0 6.9 +0.0 6.9+0.0
pH Duckweed 4 6.7+0.0 6.7+0.1 6.7+0.0
1 7.8+0.2 7.6+0.2 7.4+0.2
2 7.8+0.2 7.4+0.2 7.4+0.2
3 7.6+0.3 7.4+0.3 7.0+£0.3
pH Algae 4 9.1£0.4 8.9+0.4 8.4+0.4
1 1.0+£3.4 0.7+0.8 0.5+0.2
2 1.0£0.6 0.8+1.7 0.7+0.2
3 2.6+0.6 1.9+2.1 1.7£0.2
DO (mg/L) Water lettuce 4 3.7+0.7 3.6+£2.5 2.3+0.2
1 1.0£3.5 0.9+0.1 0.7+0.2
2 1.5+£3.2 1.2+£0.6 0.7+0.2
3 2.2+0.8 1.9+2.1 1.0£0.2
DO (mg/L) Duckweed 4 2.9+0.3 2.840.1 2.2+0.2
1 6.2+0.1 1.7£0.1 0.8+0.2

2 5.9+0.4 1.6+0.4 0.8+0.1
3 5.5+1.5 1.4+1.6 0.9+2.6
DO (mg/L) Algae 4 10.4+2.7 5.3+0.1 2.1+£2.4
1 255+14 257+10 256+5

2 132+3 3445 134+4

3 96+2 96+2 96+2

TDS (mg/L) Water lettuce 4 90+3 91+2 91+2
1 548+21 564+3 556+8

2 444+26 444+3 451+8

3 352+2 352+4 356+3

TDS (mg/L) Duckweed 4 26043 261+2 26242
1 406+20 410+14 421+£10

2 341441 348+11 361+11
3 286+8 304+11 380+10

TDS (mg/L) Algae 4 290+22 274+7 278+7

* Average values of readings at different times (08GMT, 13GMT and 20GMT)
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Table 3 Diurnal variations of environmental conditions in macrophyte and algal ponds*
8GMT 13GMT 18GMT
Parameter Treatment Pond number Morning Afternoon Evening
1 6.3+0.0 6.4+0.0 6.3+0.0
2 5.74£0.0 5.7£0.0 5.6£0.0
3 4.8+0.1 4.840.1 5.0 £0.1
pH Water lettuce 4 4.4+0.2 4.3+£0.2 4.5+0.1
1 6.9+0.0 7.0£0.0 7.1£0.0
2 7.0+0.0 6.9+0.0 7.0+0.0
3 6.8+0.0 6.8+0.0 7.0+0.0
pH Duckweed 4 6.7+0.0 6.7+0.0 6.8+0.0
1 7.4+0.1 8.0+0.1 7.5+£0.0
2 7.3£0.1 7.8+£0.1 7.4+0.1
3 7.1+0.4 7.8+£10.3 7.1£0.3
pH Algae 4 7.940.3 9.540.3 8.940.3
1 0.6+0.1 0.6+0.1 1.0+£0.2
2 0.7+0.1 0.7+0.1 1.1£0.6
3 1.3+0.1 2.6=0.1 2.3+0.4
DO (mg/L) Water lettuce 4 2.4+0.3 3.9+0.3 3.4+0.3
1 0.5+0.2 0.7+0.4 1.442.1
2 0.7£1.6 1.5+0.2 1.1+2.1
3 1.1+0.2 2.0+1.9 1.9+£3.1
DO (mg/L) Duckweed 4 2.0+0.1 3.1+0.1 2.8+2.0
1 0.7+0.2 6.3+0.2 1.6+0.5
2 0.9+£0.2 5.8+£0.3 1.6£0.9
3 0.8+£3.1 5.8+£0.2 1.3£2.5
DO (mg/L) Algae 4 2.4+2.3 5.8+0.3 6.9+3.4
1 259+4 266+2 24543
2 134+4 1362 130+4
3 9543 9543 9442
TDS (mg/L) Water lettuce 4 91+2 91+1 90+2
1 534+6 55442 566+3
2 426+5 45443 459+2
3 34145 35242 368+3
TDS (mg/L) Duckweed 4 258+3 26143 266+4
1 388+10 42545 432+6
2 325+12 37249 35344
3 28849 319+10 29345
TDS (mg/L) Algae 4 288+6 275+6 27948

* Average values at all depths (0.1m, 0.35m and 0.63m)

Even though alkaline conditions were observed in algal ponds, it performed better (P<0.05) in
enterococci removal than the water lettuce and duckweed systems in the first and second ponds
(Figure. 2). A single factor analysis of variance, however, showed that there were no significant
(P<0.05) differences in the three pond systems after 28 days. There were however, significant
differences between water lettuce ponds and duckweed and algal ponds after 7 and 14 days in
the removal of enterococci. No significant differences in the removal of enterococci were
observed between water lettuce ponds and that of duckweed and algal ponds after 21 days.
There were also no significant differences between duckweed and algal ponds after 14 days and

21 days.
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Discussion

Batch scale

High pH is known to excite molecular oxygen to the ionic form, which is toxic (Zepp €t al
1981; Haag et al 1986). However, DO levels recorded in this study were too low for this to play
a meaningful role in enterococci removal. Van Buuren and Hobma (1991) observed the limit of
0.5mg/L to be bactericidal. The highest DO observed in the incubation at pH 7 (0.56mg/L) was
very low in comparison to 8-15 mg/L reported by Baumgartner (1996).

The better survival of enterococci than faecal coliform at high pH could be due to fact that the
former is gram-positive and the later are gram-negative. The cell walls are accordingly different.
The thick murein structure and other unknown factors within the cell wall of enterococci may
protect the cell and cause resistance to high pH enabling survival at pH values higher than 9.
Brock, (1979) reports on the ability of enterococci to grow at pH 9.6.

The values of these removal rates obtained are comparable to values obtained in our previous
experiments using water lettuce, duckweed and algae at 2.4 d”, 2.1 d”, 2.2 d"' respectively
(Awuah et al, 2001). In the control, (raw sewage exposed to dark conditions) the removal rate
was 2.1 d'. The values in this study are higher than removal rates reported in literature for
faecal coliforms in maturation ponds and the recommended value for design of treatment plants.
Saqqar and Pescod (1992) found the removal rate of faecal coliforms in maturation ponds to be
0.33 d'at 14° C and 0.93 d'at 24°C. According to Johansson et al., (1996), the recommended
removal rate for faecal coliforms in the design of treatment plants is -1.06 d”'. The temperature
range under which this present study was conducted was between 27 and 37 °C. The high pH
tolerance exhibited by enterococci may also explain why Davies-Colley €t al., (1994) found low
removal of enterococci in seawater which has high pH.

Light might have played a role in enterococci die-off (Tablel). According to Curtis (1990) and
Curtis et al., (1992) sunlight causes damage to the cytoplasmic membranes of bacteria, which
makes the organism more sensitive to the effects of other factors such as pH. Many researchers
including Gersberg et al., (1987), Frijns and Nooteboom (1989) and Davies-Colley et al.,
(1997) have shown that sunlight is lethal to faecal coliforms and enterococci and enhances their
die-off rate. At pH 4 however, light did not seem to have any effect on the ability of this pH to
destroy enterococci.

Other researchers have also shown that high pH (>9) was detrimental to bacteria survival
(Parhad and Rao, 1974; Pearson et al., 1987). According to Hirn et al., (1980), pH >9 was the
main or even the sole factor affecting the removal rate of faecal coliforms. Troussellier et al.,
(1986) using critical path analysis also showed that light and high pH were the key causal
effects controlling bacterial removal in sewage lagoons. Pearson et al., (1987) reported that
faecal coliforms appeared to be adversely affected by high dissolved oxygen and high pH. Zepp
et al., (1981) and Haag et al., (1986) explained that high pH decreases the resistance of the
bacteria to the bactericidal effect of light. According to these authors, high pH may increase the
production of toxic forms of oxygen, which damages the cytoplasmic membrane, allowing
hydroxyl ions to enter. This would cause an increase in the internal pH of the bacteria and kill
them ultimately. This did not seem to have taken place in the case of enterococci removal in the
presence o sunlight at high pH.



Chapter Three: The Effect of pH on Enterococci Removal in Water Lettuce, Duckweed and Algal Ponds 51

Continuous flow systems

The environmental conditions created in all the systems seem to be sufficiently detrimental for
enterococci removal and no single factor seems to dominate removal rate of enterococci. The
removal rate may be due to a combination of factors. These may include the long retention
period (Oragui et al., 1987), pH (Parhad and Rao, 1974), high dissolved oxygen levels (Curtis,
1990), presence of predators (Ellis, 1983), algal toxins (Toms et al., 1975), sedimentation
(Gannon et al., 1983) and sunlight and UV light (Davies-Colley et al., 1997). Pearson et al.,
(1987) observed that at high DO levels, enterococci die faster. Aeration enhances faecal
coliform removal rates in sewage effluent (Klock, 1971). Sudden changes in oxygen
concentration increased the removal rate of Salmonella typhimurium strains (Barzily et al.,
1991). Since the DO was higher in all the systems, than the minimum lethal level (0.5mg/L) as
quoted by Van Buuren and Hobma (1991), there could be a significant effect of the DO on
enterococci removal.

The enterococci removal in the water lettuce ponds could be due to the acidic conditions
observed in the last three ponds in series. In the duckweed systems, the major contributing
factor could be the long retention period. The long retention period applies to all the pond
systems. Without the long detention period, none of the three pond systems would have
achieved enteroccocci concentrations of < 500/100mL (Figure 2), which was the value obtained
at the end of the 28 days for all treatment systems. In the algal ponds, removal was probably due
to direct sunlight penetration and fluctuations in DO and pH. Davies-Colley et al., (1997) found
enterococci to be highly susceptible to sunlight. The presence of predators and competition for
nutrients could also play a role (Wu and Klein, 1976; Legendre et al., 1984). However,
measurements of protozoa populations were not done in this study.

Despite the high enterococci removal in the batch scale experiments, the continuous flow
system did not remove all the enterococci. This was probably due to short-circuiting. Besides,
environmental conditions in the continuous flow system were different from those observed
under the batch type incubations. Other authors have also reported lower removal rates of
indicator organisms in full-scale stabilization ponds than in batch type incubations (Curds and
Fey, 1969; Pearson et al., 1987). The enterococci removal rate in all the pond systems was due
to a combination of factors discussed above. The fact that environmental conditions were
different in the three systems, yet no significant differences in removal were observed after 28
days of treatment suggests that different mechanisms could be involved in algal and macrophyte
ponds for enterococci removal.

Conclusion

Low pH has more bactericidal effects on enterococci in domestic wastewater than alkaline
conditions. The bactericidal properties at different pH values are enhanced by sunlight.
Dissolved oxygen might not have played any significant role in the pathogen removal rate in the
batch scale study. The study also shows that enterococci can survive at a high pH of 11
especially under dark conditions. Differences in environmental conditions exist in macrophyte
and algal ponds. Water lettuce ponds produce acidic, duckweed ponds neutral and algal ponds
alkaline conditions. The presence of oxygen, light, nutrient depletion, low pH and the long
retention period in the continuos flow systems might all have played a role in the removal of
enterococci in macrophyte and algal ponds. Pathogen removal mechanisms in macrophyte and
algal ponds are different. The effect of pH on faecal coliforms and other pathogen indicators,
under similar conditions should be studied for comparison.
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Environmental Conditions and Effect of pH on Faecal Coliform
Removal in Macrophyte and Algal Ponds

Abstract

The environmental conditions within 3 pond systems comprising of water lettuce (Pistia stratiotes),
duckweed (Spirodela polyrhiza) and algae (natural colonization), each operating in a series of four ponds
were assessed specifically for temperature, pH, DO and total dissolved solids. The pH readings observed
in the pond systems were simulated to determine the effect of different pH (4, 5, 7, 9 and 10), on faecal
coliform removal in domestic wastewater. Acidic conditions prevailed in the water lettuce ponds and
ranged from 4.3 to 6.3, duckweed ponds were neutral with values between 6.7 and 7.1. The algal ponds
were mostly alkaline with pH values ranging from 7 to 10. The DO levels were low in the macrophyte
ponds. The algal ponds had saturated levels of DO. The removal of faecal coliforms was lowest in the
water lettuce ponds followed by duckweed and algal ponds respectively. The removal rates of faecal
coliform at pH 7, 9 10 and the raw wastewater without pH adjustment under both sunlight and dark
conditions were not significantly different. Removal rates at pH 5 were the lowest among all treatments.
Under light conditions k (d) values of 1.5, 0.2, 1.3, 1.4, 1.4 and 1.4 were observed respectively for pHs
of4,5,7,9, and 10 treatments and for the raw wastewater without pH adjustments. Under dark conditions
the removal rates were 1.1, 0.5, 1.0, 1.2, 1.4 and 1.2 respectively for pH 4, 5, 7, 9, and 10 treatments and
the raw wastewater pH without adjustment.

Key words Water lettuce; duckweed; algae; faecal coliforms; pH

Introduction

Pathogen removal in domestic wastewater is essential to curtail the incidence of enteric
diseases. Numerous physical and chemical parameters have been suggested as factors involved
in pathogen removal in wastewater treatment systems. These include temperature, light,
dissolved oxygen, pH, nutrient depletion, predation, attachment and coliphages attack (Maynard
etal., 1999).

Waste stabilization ponds (WSPs) have been widely studied and their efficiencies in providing
effluent of good quality are acknowledged. Additionally, WSPs are cheap in operation and can
achieve effective removal of pathogens, without the negative side effects of chlorination
(Feacham et al., 1983; Von Sperling, 1996). However, there is still much debate on the
mechanisms of bacterial removal, and there have been conflicting reports on the contributions of
the different physical and chemical factors involved (Davies-Colley €t al., 1999; Maynard et al.,
1999). In a previous research by Awuah et al., (2001; 2002) the removal of enterococci as
indicator organism in continuous flow and batch scale studies of macrophyte and algal ponds
was attributed to natural die-off, alkaline and acidic pH and dissolved oxygen in the treatment
systems. Sunlight was found to be more detrimental to enterococci than darkness. Since faecal
coliforms are more widely used as indicator organisms than enterococci, it is necessary to know
the response of faecal coliforms to similar environmental conditions.
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The aim of this study therefore, was to assess the effect of prevailing environmental conditions
within macrophyte and algal-based ponds and determine the effect of pH on the removal of
faecal coliforms

Materials and Methods

Environmental conditions and pond performance in faecal coliform removal

The research was carried out at the Kwame Nkrumah University of Science and Technology
(KNUST), Kumasi, Ghana.

Waste stabilization pond systems treating domestic wastewater of KNUST comprising of water
lettuce (Pistia stratiotes), duckweed (Spirodela polyrhiza) and algal (natural colonization)
treatment ponds operating in series (Figure 1) were studied extensively for eight weeks. The
system consisted of 3 parallel treatment lines of 4 ponds each, involving the use of water lettuce
(Pistia stratiotes), duckweed (Spirodela polyrhiza) and algae (natural colonization). A flow rate
of 0.01m*/day was maintained in each treatment system. Each pond had a depth of 0.63m and
surface area of 0.145m” and hydraulic retention period of 7 days. Wastewater was collected at
the influent grit chamber of the university’s wastewater treatment plant at 7 GMT daily and put
into the anaerobic pond, which fed into the 3 pond systems, by gravity in a continuous flow
(Figure 1). The water lettuce ponds were maintained by harvesting macrophytes once a very
week. Duckweed ponds were harvested twice in a week. The performance in terms of faecal
coliform removal and the prevailing environmental conditions were assessed. The following
environmental conditions were assessed: Temperature, pH, dissolved oxygen (DO), and total
dissolved solids (TDS). Measurements were made at 8, 13 and 20 GMT at the surface (0.1m),
middle (0.35cm) and bottom (0.63m) depths of all ponds. Faecal coliform measurements were
made on the effluents of each pond in each stage of treatment in the 3 pond systems Sampling
was done in the morning before 9 GMT.

Temperature, pH, conductivity, TDS and DO were measured with portable electronic probe
meters (LF 323 — B/ SET 2, WTW — Germany). Faecal coliforms were determined using
membrane lauryl sulphate broth and confirmed in EC medium (Greenberg et al., 1992).

Water lettuce ponds

Pondl [ Pond2 [—» Pond3 [ Pond4

Algal ponds
Raw A bi
naerobic
Wastewater » bond » Pondl [ Pond2 [ Pond3 % Pond4 [
Duckweed ponds

Pondl % Pond2 [ Pond3 % Pond4 (—

Effluents

Figure 1 Schematic diagram of bench-scale macrophyte and algal waste stabilization ponds
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Effect of pH on faecal coliform removal

To mimic the continuous flow system with respect to pH, the effect of pH ranges observed in
the different pond systems on faecal coliform removal using domestic wastewater that had
undergone anaerobic digestion for 2 days was studied. 800mL of pre-digested wastewater was
poured into each of 36, 1-litre plastic containers, Two sets of 6 treatments (pH values: 4, 5, 7, 9,
10 and raw wastewater without pH adjustment) in three replicates were arranged randomly
using the randomised block design in Table 1. One set (18 containers) was kept in moist sand
boxes and placed under a transparent plastic cover and exposed to sunlight. Another set was
kept in the dark to mimic the effect of a full macrophyte cover.

Table 1 Randomised block design for pH treatments under batch incubations

BLOCK | BLOCK 2
10%¢ 54 7c RWW¢ 9% 4c
55 RWW#; 4y 105 78 9%
Ta 45 9 5¢ 10, RWW,

*Numbers represent pH treatment and letters represent replications
# RWW -raw wastewater without pH adjustment

The pH in each container was adjusted daily with 0.2N HCI or 0.2N NaOH. Temperature and
dissolved oxygen concentration were taken twice daily at 8 and 14 GMT and data were
averaged. Faecal coliform counts were determined every other day for 15 days.

Results

Environmental conditions

In all ponds, the highest temperature (31-34°C) was reached in the middle of the day (13GMT).
Temperature at SGMT was between 25 and 27°C. At 20 GMT, it was between 29 and 31°C.

There was a tendency of decreasing temperatures at 20GMT with increasing depth (Table 2, 3, 4
and 5).

The pH in the anaerobic pond was neutral at all depths at all times (Table 2). The pH in all 3
pond systems varied considerably (Table 3, 4 and 5). The water lettuce ponds became more
acidic from pond 1 to 4. All duckweed ponds remained neutral at all times, while the algal pond
system became more alkaline from pond 1 to 4. Only the algal ponds showed pH variation in
depth and with time. High pH and strong pH fluctuations were observed at the surface of the
algal ponds with the strongest fluctuations occurring in pond 4 (Table 5).
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Table 2 Environmental conditions in the anaerobic pond
Time (in GMT) Time (in GMT)
Depth 3 | 13 | 20 8 | 13 | 20
Temperature ("C) DO (mg/L)
Surface (0.10m) 24.7£1.3 32.1+0.8 30.3£3.5 0.5+0.2 0.3+0.2 0.3+£0.3
Middle (0.35m) 24.741.2 30.7£3.7 29.942.5 0.4+0.2 0.3£0.3 0.3£0.3
Bottom (0.63m) 24.7£1.1 30.64+3.0 29.143.0 0.4+0.2 0.3£0.2 0.3+0.2
pH TDS (mg/L)
Surface (0.10m) 7.1+0.7 7.0£0.5 7.2+0.1 589457 548490 556+10
Middle (0.35m) 7.1£0.4 7.0£0.5 7.1£0.0 587+56 547+70 55748
Bottom (0.63m) 7.1+0.4 6.9+0.5 7.1£0.1 590+74 555430 55949

+: standard deviation

After passing through the anaerobic pond the water was nearly anaerobic (DO is 0.3-0.5mg/L)
and TDS was between 555 and 590mg/L (Table 2). The DO in the water lettuce and duckweed
ponds increased gradually from pond 1 to pond 4 (Table 3 and 4). However, DO in the algal
ponds showed a totally different behaviour. There was an immediate increase in pond 1 with the
strongest effect at 13GMT, which led to a depth gradient (Table 5).
The decrease in TDS was much more pronounced in the water lettuce ponds (about 100mg/L in
pond 4) than in the duckweed and algal ponds (about 300mg/L in pond 4 for both systems)

(Table 3, 4 and 5).
Table 3 Environmental conditions in the water lettuce pond system
Time (in GMT) Time (in GMT)
8 13 | 20 8 | 13 | 20
Pond Depth Temperature ("C) DO (mg/L)

1 Surface (0.10m) 26.4+1.2 32.2+1.2 31.0£1.9 0.9+£0.5 0.5+0.4 1.4+0.7
Middle (0.35m) 26.8+1.0 32.4£1.0 30.2£1.6 0.5+0.1 0.4+0.2 1.1+0.6
Bottom(0.63m) 27.0£1.7 32.0£1.7 29.8+1.5 0.5+0.2 0.5+0.3 0.6+0.4

2 Surface(0.10m) 26.4+1.2 31.7¢1.2 31.0+1.7 0.5+0.8 0.9+0.5 1.3+0.4
Middle(0.35m) 26.8+0.9 32.240.9 30.2£1.5 0.1+0.7 0.6+0.2 1.1+£0.2
Bottom (0.63m) 27.0£1.7 31.5¢1.7 29.9+1.4 0.2+0.5 0.5+0.3 1.0+0.8

3 Surface (0.10m) 26.2+1.2 31.4£1.2 30.9+1.7 1.6+0.7 3.2+0.9 3.0£2.0
Middle(0.35m) 26.5+1.1 32.1+1.3 30.1%1.5 1.3+0.5 2.2+0.2 2.1+0.4
Bottom(0.63m) 27.1£2.0 31.74£2.0 29.8+1.5 1.0+0.8 2.4=+1.1 1.7+0.4

4 Surface (0.10m) 26.1+1.1 31.9+1.0 30.8+1.8 2.5+1.1 4.3+£2.7 4.4+1.5
Middle(0.35m) 26.8+1.1 32.9+1.1 30.2+1.4 2.6£1.0 3.942.1 4.4+1.5
Bottom (0.63m) 26.9+1.3 31.6+1.3 29.6+1.4 2.1+0.8 3.3+2.5 1.5£2.0

pH TDS (mg/L)

1 Surface(0.10m) 6.3+0.2 6.3+0.2 6.3+0.3 263+ 97 259+101 245+98
Middle(0.35m) 6.3+£0.2 6.4+0.3 6.3+0.3 266+95 26097 245498
Bottom(0.63m) 6.3+0.2 6.4+0.2 6.4+0.2 268493 260495 246198

2 Surface(0.10m) 5.740.5 5.7+0.6 5.6+0.9 135+60 133+60 129458
Middle(0.35m) 5.6£0.6 5.7+0.6 5.6+0.8 137+61 134+57 130+56
Bottom (0.63m) 5.7+0.5 6.1+£0.2 5.6+0.9 137+60 133458 130459

3 Surface(0.10m) 4.8+0.4 4.8+0.4 4.9+0.4 90+3 90+2 89+2
Middle (0.35m) 4.8+0.5 4.8+0.4 5.0£0.4 91+2 92+1 89+2
Bottom(0.63m) 4.8+£0.6 4.9+0.5 5.0+£0.5 9243 91=+1 90+2

4 Surface (0.10m) 4.3+0.0 4.4+0.1 4.5+0.3 96+1 95+2 98+2
Middle (0.35m) 4.3£0.0 4.440.1 4.6+0.4 95+2 96+3 97+3
Bottom (0.63m) 4.4+0.2 4.3£0.0 4.5+0.4 941 95+2 97+4

+: standard deviation
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Table 4 Environmental conditions in the duckweed pond system
Time (in GMT) Time (in GMT)
§ | 13 | 20 8 [ 13 [ 20
Pond Depth Temperature ("C) DO (mg/L)
1 Surface (0.10m) 27.3+0.9 33.1+0.9 29.8+1.5 0.7+0.7 04+02 17209
Middle (0.35m) 27.840.3 32.6+0.3 28.4+1.1 0-8+0.6 0.6+0.3 1.4£0.5
Bottom (0.63m) 28.2+1.1 32.3£1.1 28.1+1.2 0.6+04 0604 10+
2 Surface (0.10m) 27.141.2 32.841.2 29.7£1.3 22418 0.7:04 1.5+0.1
Middle (0.35m) 27.840.3 32.540.3 28.3+0.9 1.6+0.7 0604 1.4+0.2
Bottom (0.63m) 27.9+0.8 32.240.8 27.9+0.8 0.8+0.8 0809 0.5+0.3
3 Surface (0.10m) 26.7+1.5 32.7%1.5 29.7+1.5 28106 1.540.5 26403
Middle (0.35m) 27.7+0.5 32.7+0.5 28.4+1.0 242035 1.203 21208
Bottom (0.63m) 27.8+1.3 31.9+1.3 28.1+0.8 0.80.9 0.7:0.7 1.0+0.3
4 Surface.(0.10m) 26.9+1.0 32.5+1.0 29.7+1.3 34 2409 3L
Middle (0.35m) 27.7+0.6 32.940.6 28.2+0.9 3:6+1.0 22409 26+1.6
Bottom (0.63m) 27.7+1.4 31.8+1.4 28.1+1.0 2415 1o+l 28509
pH TDS (mg/L)
1 Surface (0.10m) 6.9+0.2 7.0+£0.0 7.0+£0.0 SSTA70 530456 539452
Middle (0.35m) 6.920.1 7.0+0.1 7.1£0.0 SS1LITY 33214 S64+184
Bottom (0.63m) 6.0+0.1 7.0+0.0 7.1+0.0 535+170 339165 74T
2 Surface (0.10m) 7.0£0.2 6.9+0.0 7.0£0.0 462459 421246 4494150
Middle (0.35m) 7.0+0.1 6.9+0.1 7.1£0.1 49147 4254137 4984159
Bottom (0.63m) 7.0£0.1 7.0+0.1 7.1£0.1 452139 433131 470<145
3 Surface (0.10m) 6.8+0.2 6.8+0.1 6.9+0.1 355469 339465 363444
Middle (0.35m) 6.8+0.2 6.8+0.1 7.0+.0.1 3513 340+108 36718
Bottom(0.63m) 6.8+0.2 6.8+0.1 7.0+.0.1 3504110 344106 3754114
4 Surface (0.10m) 6.6+0.3 6.7+0.1 6.8+0.1 26164 257467 265+59
Middle(0.35m) 6.7+0.3 6.8+0.2 6.8+0.1 262285 258484 26685
Bottom (0.63m) 6.7+0.3 6.7+0.2 6.8+0.1 26184 260+83 266184
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Table 5 Environmental conditions in the algal pond system
Time (in GMT) Time (in GMT)
8 | 13 | 20 8 | 13 | 20
Pond Depth Temperature ("C) DO (mg/L)
1 Surface (0.10m) 26.1+1.0 34.2+1.0 29.9+1.2 0.8+0.2 15.3+0.8 2.3+1.8
Middle (0.35m) 26.7+0.5 32.840.5 28.7+0.9 0.9+0.9 24+£2.1 1.8+£1.4
Bottom (0.63m) 27.1£1.0 32.4+1.0 28.5+0.9 0.4+0.1 1.1£1.4 0.7+0.7
2 Surface (0.10m) 26.0+0.9 34.4+0.9 29.9+1.4 1.3£1.1 14.3£2.2 2.1£0.9
Middle (0.35m) 27.1+0.7 33.3+0.7 28.8+1.1 0.7+0.2 2.1£0.1 2.0£1.0
Bottom (0.63m) 27.0£1.2 32.1£1.2 28.7<1.1 0.6+0.3 1.0£1.1 0.6:0.4
3 Surface (0.10m) 26.1£1.1 34.3+1.1 29.8£1.5 1.0£0.3 13.5+4.6 1.9+1.4
Middle (0.35m) 27.0+0.8 33.9+0.8 29.0+1.2 0.6+0.2 2.5+1.2 1.2+0.9
Bottom (0.63m) 26.8+1.2 33.2+1.2 28.7+1.4 0.6+0.2 1.5+1.8 0.6+0.4
4 Surface (0.10m) 26.0+1.0 34.8+1.0 30.0+1.4 3.5+1.0 17.1+0.9 10.5+1.0
Middle (0.35m) 26.7+1.1 34.2+1.1 29.2+1.2 2.4+1.0 5.3+3.1 8.2+0.1
Bottom (0.63m) 27.0+1.0 33.6£1.0 29.0+1.2 1.2+0.7 3.143.2 2.1£1.4
pH TDS (mg/L)
1 Surface (0.10m) 7.4+0.4 8.5+0.8 7.5+0.4 433+£76 368+10 417+66
Middle (0.35m) 7.5+0.4 7.7+0.4 7.5+0.3 423+136 383+111 424+135
Bottom (0.63m) 7.340.2 7.6+0.3 7.4+0.2 420+71 413+66 428+65
2 Surface (0.10m) 7.4+0.1 8.6+1.2 7.5+0.3 377+46 298+16 349+46
Middle (0.35m) 7.3+0.3 7.5+0.2 7.4+0.3 370 £122 319+104 3544113
Bottom (0.63m) 7.3£0.3 7.4+0.1 7.4+0.3 370452 358+50 356+48
3 Surface (0.10m) 7.2+0.2 8.4+1.1 7.1+£0.4 316+15 272+18 273£53
Middle (0.35m) 7.0+0.0 8.1+0.6 7.1£0.3 318+108 295+95 30089
Bottom (0.63m) 7.0+0.0 6.9+0.3 7.0+0.2 323+26 297+£27 306+30
4 Surface (0.10m) 7.84£0.9 10.0+0.1 9.3+1.0 276+90 314+9 279+19
Middle (0.35m) 8.1+1.0 9.6+0.5 9.0£0.8 275495 275+104 273+92
Bottom (0.63m) 7.8+0.7 8.9+0.4 8.4+1.0 274+92 274+10 28611

+ : standard deviation

Faecal coliform removal

The faecal coliforms in all pond systems decreased from pond 1 to pond 4. There was not much
difference between the duckweed and the algal treatment systems in the first three ponds in the
amount of faecal coliforms removed. A remarkable difference between the treatment systems
was observed in the last pond. The log removal of faecal coliforms in the systems was 2 for
water lettuce, 3 for duckweed and 5 for algal pond systems (Figure 2 and Table 6).

Table 6 Log removal of faecal coliform in macrophyte and algal based waste stabilization

ponds
Pond System Pond 1 Pond 2 Pond 3 Pond 4
Water lettuce 1.0 1.5 1.6 2.0
Duckweed 2.0 2.5 2.8 3.0
Algae 2.0 2.5 3.0 5.0
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Figure 2 Removal of faecal coliforms in macrophyte and algal ponds

Effect of pH on faecal coliform removal rate on batch scale incubations

Environmental conditionsin batch scale pH experiments.

Algal colonization only occurred in the raw wastewater exposed to sunlight on the 2™ day after
start of experiment of batch scale incubations and on the 5" day for pH treatments 7 and 9
exposed to sunlight. The raw wastewater exposed to sunlight had pH values in the range of 7-
10.5 and DO values of >10mg/1 due to algae colonization.

DO concentrations of the pH treatments exposed to sunlight were higher than those in darkness
(Figure 3).

18 |
16 |
14 |
12 |
-
E” 10 1 l 0 Sunlight
8 8 | 0 Darkness
61 RWW -raw wastewater
4l e without pH adjustment
2 | l‘ l‘
O T
pH4 pH5 pH7 pH9 pH 10 RWW

(pH:7.4-10.5)

Figure 3 DO concentrations in different pH treatments under sunlight and in darkness
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Faecal coliform removal

Faecal coliform removal rates were generally higher in sunlight than in darkness but were not
significantly different apart from pH 4 treatments (Table 7). The removal rates were not
significantly (p<0.05) different for pH 4, 7, 9 and 10 in sunlight and pH 9, 10 and raw
treatments in darkness. The least detrimental effects on faecal coliforms were observed at pH 5
(Table 7).

Table 7 Die-off rate of faecal coliforms under sunlight and dark conditions

Removal rate (d)
pH treatment Sunlight Darkness
4 1.5a%* 1.1c
5 0.2b 0.4b
7 1.3a 1.0c
9 1.4a 1.2ac
10 1.4a 1.4a
raw# 1.4a 1.2ac

# Raw wastewater without pH adjustment  *
Different letters mean significant differences (p< 0.05)

Discussion

Environmental conditions

Temperatures in all ponds were within 25-34°C, an optimal range for indicator bacteria and also
suitable for wastewater treatment (Reed et al., 1988). Mayo and Noike (1996) and Jagger (1985)
observed that within this temperature range there were no significant effects on bacteria growth,
that is to say that the growth rate virtually remains the same.

The acidic conditions in the water lettuce ponds are in line with the findings of Sharma and
Sridhar (1985) and Awuah et al (2001; 2002). Kansiime and van Bruggen (2001) also found
acidic conditions in wetlands in with Cyperus papyrus and Miscanthidium receiving domestic
wastewater. Contrarily, Sooknah and Wilkie (2004) found pH 8 in water lettuce and water
hyacinth ponds. The acid conditions in our ponds could be caused by the release of CO, into the
wastewater by water lettuce plants during respiration through the roots and from heterotrophic
bacteria activity. This means that photosynthesis of water lettuce plants may not consume CO,
from the water but directly from the atmosphere. Duckweed on the other hand may consume CO,
from the water via its roots as well and thus they create a neutral condition. Algae can only use
dissolved CO, and therefore create high pH conditions during photosynthesis.

According to (Baumgartner, 1996) the DO in water is caused by gas-liquid mass transfer at the
surface and subsequent mixing throughout the depth of the water and oxygen released during
photosynthesis minus the oxygen consumed during respiration. The algal ponds were directly
exposed to sunlight this led to high DO concentrations from air diffusion and increased
photosynthetic oxygen production of algae. The amount used in respiration appears lower than
the amount obtained from diffusion and photosynthesis. Low DO concentrations in the
macrophyte ponds could be explained by reduced oxygen diffusion from the atmosphere into
the water column due to the plant cover, higher respiration rates and oxygen uptake by
microorganisms attached to the roots and photosynthetic oxygen release directly into the
atmosphere. The first and second water lettuce and duckweed ponds did not show differences in
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DO concentrations. The last two water lettuce ponds had higher DO concentrations than the last
two duckweed ponds. This is contrary to what Moorhead and Reddy (1988) found in their study
to evaluate oxygen transport into the root zone for several floating and emergent aquatic
macrophytes. They found transport rates of oxygen were highest in macrophytes with small root
mass. Sooknah and Wilkie (2004) also observed highest DO concentrations in ponds covered by
pennywort, which had smaller root mass compared to water lettuce and water hyacinth ponds
and concluded that small root mass is associated with high DO levels in macrophyte ponds.

The total dissolved solids were evenly distributed at all depths, which indicate that solutes are
well mixed. Awuah et al. (2003) observed that the active zones in all 3 pond systems were over
70% which indicates a good mixing of pond constituents. Water lettuce ponds removed more
dissolved solids than the duckweed fronds with smaller root mass. Similarly, Sooknah and
Wilkie, (2004), found a correlation between root mass and removal of TDS. The greater the
quantity of root mass the better the removal of TDS.

The water lettuce plants having more extensive root systems were able to absorb more nutrients
for growth than the duckweed fronds and this may be the reason for higher production of
biomass found in water lettuce ponds compared to duckweed ponds (Awuah et al.,
unpublished).

Faecal coliform removal

The differences in the removal of faecal coliforms in the 3 pond systems could be due to several
factors. In the algal ponds high pH and DO levels as well as the pH fluctuations could be the
main factors for faecal coliform removal (Curtis €t al., 1992; Awuah et al., 2004). The faecal
coliform removals correlated well with high pH and DO concentrations observed in the algal
ponds. Davies-Colley et al. (1999) and Pearson et al. (1987) have attributed pathogen removal
in pond systems to several factors such as direct sunlight, high pH levels and DO
concentrations, which are mainly found in the last algal pond. Faecal coliform removal in this
study occurred mainly in the last algal pond where pH levels and DO concentrations were the
highest (Table 5). High pH levels and DO concentrations appeared at the surface of the algal
ponds; hence any wastewater passing at the surface could have an efficient removal of faecal
coliforms. This may necessitate the positioning of effluent outlet pipes for algal ponds near the
surface to enhance faecal coliform removal.

Low pH and DO levels were observed in the water lettuce ponds and neutral conditions and low
DO levels were observed in the duckweed ponds. Although low removal of faecal coliforms
was observed in the macrophyte ponds, the faecal bacteria profile study in Awuah et al., 2004
(using the same low strength sewage) showed that at the middle level (0.35m) faecal coliform
populations in the water lettuce ponds are comparable to that of the algal pond effluent. The
water lettuce roots near the surface might have harboured faecal coliforms, thus increasing
faecal coliform concentrations on the surface and subsequently carried into the effluent by water
current. The word harboured is used meaning that the faecal coliforms were staying around the
roots either as attached, detached or both, or living close for exudates etc from the root zone.
The outlet pipes of the three treatment systems used in this study were placed near the surface.
Placing outlet pipes of water lettuce ponds in the middle section of last pond may produce better
effluent quality. Since high pH and DO events do not usually occur in macrophyte ponds, other
factors such as natural die-off, long retention periods, attachment and predation could be
responsible for faecal coliform removal.
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Faecal coliform die-off rates at different pH on batch scale incubation

In the batch-sale studies, algae colonization occurred in the incubations under sunlight
exposures for pH 7 and 9 but because pH was artificially stabilised, effect of increase in pH by
algae might not really count. Algae colonized raw wastewater easily, which led to increase in
pH and high DO concentrations. Towards the end of the experimental period, conditions of the
raw wastewater were similar to pH 9 and 10. No algae colonization was observed at pH 4 and
yet the removal rate in sunlight was significantly different in the treatment under darkness. This
shows the importance of direct sunlight on faecal coliform die-off at pH 4. Curtis et al., (1992),
explained that the damage to the cytoplasmic membranes of bacteria is caused by sunlight
through DNA damage causing the formation of more photo products including pyrimidine
dimers. These substances further cause cessation of growth and ultimately death (Liltved and
Landfold, 2000). Many researchers (Polprasert et al. 1983; Gersberg et al. 1987; Curtis et al.
1994; Davies-Colley et al. 1999) have shown direct sunlight to be lethal to faecal coliforms. For
the rest of the treatments, sunlight did not seem to have any significant impact on faecal
coliform removal. The insignificant effect of sunlight on the faecal coliforms removal observed
in this study showed that, the faecal coliforms are probably used to sunlight exposures or able to
photo repair all damages caused by sunlight under such pH treatments. It is also possible that
the presence of algae might have diminished the effect of sunlight. Other factors appeared to be
playing a role here especially in the raw wastewater treatments where there were no significant
difference in removal between exposures under sunlight and in the dark in spite of the high pH
and DO concentrations under sunlight conditions. It is however possible that the high pH and
the high DO concentrations might have affected faecal coliform removal at pH 9 and 10.

Troussellier et al., (1986) reported that high pH was the key factor controlling faecal bacteria
die-off in sewage lagoons. Pearson et al., (1987) also reported that faecal coliforms appeared to
be adversely affected by high pH and DO. The possible reason given by Zepp et al., (1981) and
Haag et al., (1986) was that high pH increases the production of toxic forms of oxygen which
may damage the cytoplasmic membrane leading to the death of the bacteria. It is also possible
that the hydroxyl ions damage the cell membranes and cause death. The highest die-off rate
occurred at pH 4 in sunlight with a low DO concentration. There was also low DO
concentration at pH 10 in sunlight. Raw wastewater in sunlight had high DO above saturation
levels. The die-off rates at pH 4, 10 and the raw wastewater (pH 7-10.5) under sunlight
exposures were not different from each other. This suggests that pH effects may be more
important in the removal of faecal coliforms than DO concentrations. The low die-off rates
observed at pH 5 cannot be explained. Also Vincent et al. (1994) gave no explanation for the
same observation.

The die-rates of faecal coliforms in this study are comparable to that of enterococci under
similar conditions (Awuah et al., 2001). However, the die-off rates for enterococci were higher
than that of faecal coliforms. The behaviours at different pHs were however not the same. At pH
4 for example, enterococci die-off was not affected by sunlight even though in both cases the
highest die-off rate was observed at this pH in sunlight. Faecal coliforms die-off rate was
significantly detrimental in the presence of sunlight at pH 4. The enterococci were also more
susceptible to sunlight and dissolved oxygen than faecal coliforms used in this study.
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Conclusions

Acidic conditions exist in water lettuce ponds, neutral conditions in duckweed ponds and
alkaline conditions in algal ponds. No significant difference in die-off rates for faecal coliforms
was observed at pH 5, 7, 9 and 10 under both sunlight and dark exposures. pH 5 is least
detrimental to faecal coliforms. High pH is more effective in the removal of faecal coliforms
than DO. Extremes of pH (4, 9 and 10) could be the most important factor in the removal of
faecal coliforms in stabilization ponds.
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Effect of pH Fluctuations on Pathogenic Bacteria Removal in Domestic
Wastewater

Abstract

Fluctuations in pH may occur in waste stabilization ponds. This behaviour could be bactericidal.
However, no studies have been conducted to confirm this. The present study addresses the issue by
studying the die-off of Escherichia coli, coliforms, Salmonella and other enterobacteria in domestic
wastewater. Fluctuating pH conditions were established in incubations with pH values ranging between
4-9,7-8,7-9, 7-10, and 7-11, while stable pH incubations were at pH 4, 5,7, 8,9, 10 and 11. A follow up
on the experiment was done in sterilised domestic wastewater using E. coli (ATCC13706) and
enterococci isolated from domestic wastewater. All experiments were done in replicates of three in 100ml
plastic containers. Adjustment of pH was done twice a day at 08GMT and 16GMT with 0.2N HCI or
0.2N NaOH. Stable pH appeared more detrimental than fluctuating pH to E. coli and coliforms in
domestic wastewater and E. coli (ATCC 13706), except fluctuating pH of 4-9, which had higher die-off
rates than stable pH of 4, and 9 for E. coli. Fluctuations in pH had higher die-off rates than stable pH
incubations for Salmonella and other enterobacteria. At pH 5, low die-off rates were recorded for E. coli
and Salmonella. Increase in numbers was observed for E. coli (ATCC 13706), coliforms and other
enterobacteria in at pH 5 and 8 incubations respectively. For enterococci, fluctuations in pH were more
detrimental than stable pH incubations. Extreme pH treatment of 4, 10, and 11 were found to be most
detrimental to all the faecal bacteria used in this study. Lower die-off rates were observed in sterilized
wastewater incubations than non-sterilized wastewater incubations. This study shows that pH
fluctuations, extremes of pH and presence of other microbes may all contribute to pathogen die-off in
domestic wastewater.

Key words: Pathogens; pH; fluctuations; domestic wastewater

Introduction

Several hypotheses have tried to explain the causes of pathogen indicator reduction in natural
wastewater treatment systems. Some of the mechanisms studied include sunlight and sunlight
triggered mechanisms such as high pH and DO levels common in algal waste stabilization
ponds (Parhad and Rao, 1972; 1974; Whitlam and Codd, 1988; Curtis et al., 1992), the
depletion of nutrients (Portier and Palmer, 1989), protozoa grazing (Gersberg et al., 1987),
attachment to macrophytes (Spira et al., 1981) and the presence of antibacterial substances
produced by algae (Mezrioui and Oudra, 1998) and macrophytes (Vincent et al., 1994).

However, most emphasis was given to pH effects on indicator bacteria (Parhad and Rao, 1972;
1974, Pearson et al., 1987, Curtis et al., 1992; 1994; Davies-Colley €t al., 1999).

Most indicator organisms can grow only within the pH range of 4-9 (Rheinheimer, 1992).
Prescott et al., (1996), however, raised the minimum pH requirement for indicator growth to 5.5
and the upper limit to pH 8.

Several researches conducted on pH effects on indicator organisms (Pearson et al., 1987; Curtis
et al., 1992; 1994; Davies-Colley et al., 1999) have been done within the neutral and alkaline
ranges. Diurnal fluctuations of pH levels accompanied by high faecal coliform removal in algal
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ponds have also been reported (Pearson et al., 1987; Awuah et al., 2001; 2002; Zimmo et al.,
2003; Awuah et al., 2004). Feachem et al., (1983) also reported that a large fluctuation of pH
ranging from 7 and 10 could be detrimental to bacteria and subsequently change the
composition of bacterial populations. Faecal coliform removal in waste stabilization ponds may
be due to these pH fluctuations. In earlier studies, we found low pH (4) in water lettuce ponds
and high pH (>9) with fluctuations in diurnal pH in algal ponds. Low pH was also found to be
detrimental to enterococci (Awuah et al., 2002, 2004). It is important to know, if the
fluctuations in pH in waste stabilizations ponds could lead to a better removal of faecal bacteria.
The understanding of such pH removal mechanisms in ponds could contribute to an
improvement in operation and management practices of stabilization ponds to create conditions,
which are detrimental to pathogens found in wastewater. The aim of this study is to answer the
question: Do pH fluctuations affect faecal bacteria removal more than stable pH?

Materials and Methods

An experiment was conducted to determine the effect of pH fluctuations on Escherichia coli,
coliforms, Salmonella and other enterobacteria in raw domestic wastewater. The pH fluctuations
used were in the ranges: 4-9, 7-8, 7-9, 7-10, and 7-11. Besides, the following stable pH were
used: 4, 5,7, 8,9, 10, 11 and raw wastewater without any pH adjustment was also included. In
addition, the effect of pH fluctuations on E. coli (ATCC 13706) and enterococci was studied in
sterilised domestic wastewater. The experiments were conducted in replicates of three in 100mL
opaque plastic containers using domestic wastewater from the Kwame Nkrumah University of
Science and Technology (KNUST) campus in Kumasi, Ghana. The wastewater used was
medium strength sewage with BOD between 260-320mg/L and NH,-N between 32.4 to
48.8mg/L (Awuah et al., 2004). The pH in the containers was adjusted twice daily at 8GMT and
at 16GMT using 0.2N HCI or 0.2N NaOH. The presence of E. coli, coliforms, Salmonella, and
other enterobacteria was determined on chromocult agar after incubation at 37°C for 24hrs
(Byamukama et al., 2000). The medium is able to differentiate between E. coli, Salmonella,
other coliforms (coliforms other than E. coli) and other enterocbacteria, which could not be
differentiated by pigmentation. Confirmatory tests were conducted for E. coli using EC medium
(Greenberg et al., 1992). The confirmatory tests for Salmonella were done using growth in
tetrathionate base broth as a positive result. Coliforms were confirmed by acid and gas
production in MacConkey broth purple at 35°C for 24 to 48 hrs and metallic colonies on Endo
agar (Greenberg et al., 1992). Enterococci were determined in Slanetz Bartley medium (Niemi
and Ahtiainen, 1995). Confirmatory tests were done by Gram reaction for Gram-positive cocci
in chains and growth in 6.5% saline broth (Greenberg €t al., 1992).

The average numbers of bacteria from the various dilutions and replications were used to plot a
graph based on Chick’s law and the decay rates were calculated.

Results

Effect of pH fluctuation on faecal bacteria in domestic wastewater

The behaviour of E. coli was similar to that of coliforms in general. Results for the two
categories of bacteria showed that stable pH causes faster bacterial die-off than pH fluctuations.
For E. coli at low pH and neutral pH, fluctuations were more effective than stable pH except for
pH 7-8. At higher pH there was no difference for pH treatment at 7-11, 10 and 11. Fluctuated
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pH incubations of 4-9 and 7-9 had higher die-off rates than their stable pH counterparts. E. coli
was completely eliminated at pH 11 treatments in just a few days (Table 1).
Table 1 Removal rates of faecal bacteria in domestic wastewater at different pH incubations

Escherichia coli Other coliforms

PH range | k(d") stable pH k (dh pH range k(dh stable pH k (dh
4-9 2.7a' 4 1.6f 4-9 2.7a 4 0.8¢
7-8 0.4b 5 0.4b 7-8 1. 4b 5 0.6¢
7-9 2.0c 7 1.5f 7-9 0.7¢ 7 0.3d
7-10 2.52 8 1.5f 7-10 1.7b 8 +0.8¢
7-11 3.3d 9 1.7f 7-11 1.5b 9 2.1f
raw* 1.1e 10 3.4d Raw 0.7c 10 1.6b

11 3.2d 11 1.9f

Salmonella Other enterobacteria

PH range | k(d) stable pH k (dh pH range k(dh stable pH k (dh
4-9 1.2a 4 1.6f 4-9 0.0a 4 0.0a
7-8 1.0a 5 0.3g 7-8 0.6b 5 +0.1a
7-9 0.5b 7 1.4f 7-9 2.5¢ 7 0.0a
7-10 3.0ce 8 0.2g 7-10 2.7¢ 8 0.4d
7-11 3.5d 9 0.9a 7-11 0.6b 9 0.5b
raw 0.7b 10 2.8¢ Raw 0.2¢ 10 0.6b

11 3.2¢ 11 0.8b

*raw: raw wastewater (pH range 6.8-7.5) 'Different |etters mean significant differences (p< 0.05)

In the case of Salmonella, pH fluctuations of 7-10 and 7-11 were more bactericidal than stable
pH incubations of 10 and 11. For other enterobacteria, all fluctuations were more detrimental
than stable pH except at pH 11 and corresponding fluctuation treatment pH 7-11. pH 4 and
corresponding fluctuation treatment pH 4-9 which showed no difference in removal rates.
Increase in bacteria numbers occurred creating positive kd values for coliforms at pH 8 and for
other enterobacteria at pH 5 incubations. It is of interest to note that at stable pH 11 Salmonella
persisted after E. coli had been completely eliminated.

Effect of pH on E. coli (ATCC 13706) and enterococci in sterilised domestic wastewater

Almost all stable pH incubations were more detrimental than fluctuating pH incubations with
the exception of stable pH 5. At pH 11, all the E. coli (ATCC 13706) bacteria were eliminated
within a few hours in all three replicates. It must be noted that this E. coli (ATCC13706) was a
pure viral free culture. The previous E. coli was isolated from domestic wastewater. The
removal rate at stable pH of 4 was the highest among the treatments. Increase in bacteria
numbers were observed at pH 5 and fluctuating incubations of 7-8 and 7-9 (Table 2).

Table 2 Removal rates of Escherichia coli (ATCC1307) and enterococci in sterilized
domestic wastewater at different pH incubations.

Escherichia coli (ATCC13706) Enterococci

PH range | k (d'l) stable pH k(d") pH range k (d'l) stable pH k(d")
4-9 0.4 4 4.3d 4-9 0.6a 4 l.1c
5-7 1.4b 5 +0.1c 5-7 1.4b 5 l.1c
7-8 +0.4c 7 0.le 7-8 1.0c 7 0.8¢
7-9 +0.3¢ 8 0.4a 7-9 1.2b 8 0.9¢
7-10 0.6a 9 0.0e 7-10 1.0c 9 0.9¢c
7-11 # 10 1.5b 7-11 0.8¢c 10 0.9¢
Raw* 0.3a 11 # Raw 0.1d 11 0.9¢

*Raw: raw wastewater (pH range 6.8-7.5) # Eliminated in a few hours +: increase in numbers
'Different letters mean significant differences (p< 0.05)
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Removal rates of E. coli in non-sterilised wastewater were higher than in sterilised
wastewater. The removal rates at neutral pH in sterilised wastewater were very low.

For enterococci, removal rates in treatments with fluctuating pH were higher than stable pH
treatments with the exception of pH 4, which had a higher removal rate than that of fluctuating
pH treatment 4-9. Removal rates obtained for all stable pH treatments were almost the same.
There were also no differences between pH treatment at 10, 11 and the fluctuated treatments of
pH 7-10 and pH 7-11 incubations (Table 2). For enterococci all removal rates did not differ
significantly, except 5-7 and 7-9 that were somewhat higher and 4-9 that was lower than
corresponding stable pH treatments. In general, k did not change too much (from 0.6 until 1.4).

Discussion

There were some similarities in the behaviour for E. coli, Salmonélla and coliforms because
they all belong to the same family Enterobacteriaceae with evolutionary adaptation to the
intestinal tract. All enterobacteria studied showed more resistance to acid than alkaline
conditions. Stable pH at extremes of 10 and 11 appeared to be more detrimental to E. coli and
coliforms than pH fluctuating treatments. Salmonella and other enterobacteria were however,
more susceptible to pH fluctuations than stable pH treatments. E. coli was more susceptible to
high pH 11 than the other faecal bacteria. They were eliminated in a few hours for E. coli
(ATCC13706) in sterilized sewage and in a few days for E. coli in raw sewage. This means that
in wastewater treatment plants if E. coli alone is used as an indicator for treatment efficiencies,
it might not be able to guarantee the absence of pathogens like Salmonella at high pH, which are
associated with algal ponds. We recommend the use of other indicator organisms apart from E.
coli in algal pond systems to evaluate the performance of wastewater treatment plants to avoid
situations like this. The die-off rates for other coliforms were lower than that of E. coli, and
Salmonella. The die-off rates of other enterobacteria are also comparable to low die-off rate
observed for faecal coliforms in chapter 4 of this thesis. This shows that the total faecal coliform
test could be better than using E. coli alone as a pathogen indicator. The use of chromocult agar,
which can distinguish between four categories of bacteria including E. coli, Salmonella, other
coliforms and other enterobacteria is appropriate for the detection of the presence of both
pathogens and indicator organisms.

Alkaline conditions were more detrimental than acidic conditions for E. coli, Salmonella,
coliforms and other enterobacteria with exception of pH 4. E. coli and Salmonella are known to
have stressed tolerance mechanisms which are induced under acidic conditions; they possess
acid shock proteins (Foster and Moreno, 1999), which can help the organism to survive at pH 2
(Lin et al., 1995). However, in our studies the acid tolerance mechanism was not observed in
these strains of faecal bacteria at pH 4.

The low removal rates of faecal bacteria and increase in faccal bacteria numbers observed at pH
5 are a confirmation of earlier works by Awuah et al., (2003). Vincent et al., (1994) also
observed that at pH 5 there were no significant removal of E. coli in comparison to the effects of
pH 4 and 3.8 which caused significant removal of E. coli, but they could not give any reason for
this behaviour of E. coli. This behaviour of E. coli at pH 5 is contradictory to the findings of
Prescott et al., (1996) and Solic and Kortulovic (1992) who reported that at pH 5 a sharp decline
in bacteria numbers including E. coli could occur.

High pH of 10 and especially 11 had strong effects on all faecal bacteria. Free ammonia (NHs;)
is high at these pHs. Free ammonia is toxic for all bacteria including E. coli (Deal et al., 1975).
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Most studies have found E. coli to be highly susceptible to high pH associated with stabilization
ponds (Pahard and Rao, 1974; Pearson et al., 1987; Awuah, et al., 2003). Curtis et al., (1994)
attributed this susceptibility to visible sunlight, UV light and photooxidation due to reactive
oxygen species released in algal ponds in the presence of sunlight. They suggested that the
active oxygen species have a relation with sunlight and high pH. The toxicity of ammonia
released at alkaline pH was not discussed in their paper. The pH was also not controlled in their
studies. The wastewater in our study had negligible DO levels (Awuah et al., 2004) and direct
sunlight effects were avoided by conducting the experiments in the laboratory using opaque
containers under 40watts for short durations to avoid algal colonization. Thus, the removal at
high pH could be due to ammonia toxicity rather than sunlight and DO concentrations.
Although ammonia concentrations were not measured in this study, they are expected to be
high. The total ammonia concentrations found in the wastewater used was between 32 and
48mg/L (Awuah et al., 2004), which is above inhibitory concentrations of 25-30mg/L (Strauss
et al., 1997). It is possible that in stabilization ponds with high pH, ammonia toxicity could be a
major contributing factor to the elimination of faecal coliforms in addition to the photooxidation
process (Curtis et al., 1994). This will require further investigations.

Stable, high pH (10, 11) is more detrimental than fluctuating pH (7-10, 7-11) levels. Also, the
high removal rates at pH fluctuation in the range of 4-9 for E. coli and coliforms showed
promising application of alternating water lettuce (pH 4) and algal ponds (high pH) under low
organic loadings. Such wide pH ranges are detrimental to faecal bacteria (Feacham et al., 1983).
However, this may not be true for all faecal bacteria as seen in these studies for Salmonella,
other enterobacteria and enterococci. Alternation of macrophyte and algal ponds may achieve
similar results. The added advantage will be the elimination of suspended algae especially if the
last pond is macrophyte-based which blocks sunlight penetration into the water column. This
may help to prevent blockage by algae in sprinklers during re-use for drip irrigation. Whether
the removal of faecal bacteria will be enhanced or not when macrophyte and algal ponds are
alternated, will require additional investigation in pilot and full scale systems.

Increase in E. coli, coliforms and other enterobacteria as observed for some treatments in this
study may be due to bacteria growth, but the possible release of attached bacteria (contributing
to higher numbers) can not be excluded. Solo-Gabriele et al., (2000) also found E. coli
multiplication in soil as a major source of contamination in coastal waters. Faecal coliform
growth in water bodies has also been reported in tropical regions (Santiago-Mercado and Hazen;
1987; Rivera et al., 1988; Byappanahalli and Fujioka, 2004).

Enterococci were affected more by fluctuations in pH than stable pH except at stable pH 4
treatment. The treatments at stable pH however had almost the same die-off rates. The changes
in die-off rates were not much for all stable pH treatments, though effect of alkaline conditions
appeared least detrimental while acidic conditions appeared more detrimental. The mechanism
associated with the low tolerance to acidic conditions and tolerance to alkaline pH by
enterococci however, is poorly understood. Moellering, (1995) also reported of some tolerance
of enterococci to high pH.

Removal rates in non-sterilized domestic wastewater were higher than that of the sterilized
wastewater incubations. The release of nutrients during sterilization may promote growth
(Awuah and Lorbeer, 1991). The destructions of other organisms and viruses (bacteriophages)
in sewage through sterilisation might have eliminated competition for nutrients, predation and
bacterial lysis caused by viruses (Maynard et al., 1999).
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The results showed that faecal coliform removal in algal ponds is caused by high pH
generated and the removal of faecal bacteria in water lettuce ponds is caused by low pH.
In the duckweed ponds extreme pH conditions are absent and other factors such as
attachment, predation, sedimentation and long retention periods could be important in
pathogen removal. These mechanisms could also be important in water lettuce and algal
ponds.

Conclusion

It appears that under different pH fluctuation incubations, faecal bacteria behave differently
depending on species. Fluctuations in pH can be more detrimental than stable pH depending on
species. Acidic conditions tend to enhance enterococci die-off more than alkaline conditions,
while acidic conditions appear less bactericidal to E. coli, coliforms, Salmonella and other
enterobacteria especially at pH 5. Low pH of 4 and high pH values of 10 and 11 can be
detrimental to faecal bacteria. These extremes of pH may account for pathogen removal in pond
systems. This study shows that pH fluctuations, extremes of pH, high free ammonia
concentration under high pH, and presence of other microbes may all contribute to die-off in
stabilization ponds. The high pH and DO conditions associated with algal ponds are absent in
macrophyte ponds and mechanisms other than direct sunlight penetration and pH induced
factors may be important in the removal of pathogens in macrophyte ponds. These may include
attachment, predation, sedimentation and long retention periods.
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Comparative Performance Studies of Water Lettuce, Duckweed and
Algal-Based Stabilization Ponds Using Low Strength Sewage

Abstract

A bench scale continuous flow wastewater treatment system comprising of 3 parallel lines using water
lettuce (Pistia stratiotes), duckweed (Spirodela polyrhiza) and algae (natural colonization) as treatment
agents was set up to determine environmental conditions, faecal coliform profiles and general treatment
performance. Each treatment system consisted of 4 ponds connected in series and was fed with diluted
sewage. Influent and effluent parameters measured included environmental conditions, turbidity,
biochemical oxygen demand (BOD), chemical oxygen demand (COD), nitrate, nitrite, ammonia, total
phosphorous, faecal coliforms, mosquito larvae and sludge accumulation. Environmental conditions and
faecal coliform profiles were determined at the surface (0.10m), middle (0.35m) and bottom part (0.63m),
of each pond. Acidic conditions were observed in the water lettuce ponds, neutral conditions in duckweed
ponds and alkaline conditions in algal ponds. Faecal coliform log removal of 3, 4 and 6 were observed in
water lettuce, duckweed and algal pond systems respectively in the final effluents, with log removal rate
per pond of 1.6, 2.0 and 2.7 respectively. Sedimentation accounted for over 99% faecal coliforms removal
in most of the water lettuce and algal pond systems. BOD removal was least in the algal system, followed
by water lettuce and duckweed at 25%, 93% and 95% respectively. COD removal was 59% and 65%
respectively for water lettuce and duckweed whiles it increased in algal ponds by 56%. Total phosphorus
removal was 9% for duckweed systems and 33% for water lettuce pond system while it increased by 19%
in the algal pond system. Ammonia removal was 93% for the algal and 95% in both water lettuce and
duckweed pond systems. Removal of total dissolved solids (TDS) were 9%, 15% and 70% respectively
for algae, duckweed and water lettuce. Mosquito populations of 96/m?, 3,516/m” and 11,175/m’, and were
found in duckweed, algal and water lettuce ponds respectively.

Keywords: Water lettuce; duckweed; algae; stabilization ponds; performance

Introduction

Domestic wastewater is increasingly becoming a problem in many developing countries as
urban centres grow. Waste stabilization ponds are known to be effective in treating wastewater
(Landsdell, 1987; Wang, 1991). They are cheap to construct and are effective in pathogen
removal (Feacham et al., 1983; Von Sperling, 1996) making it safe for reuse in agriculture. In
spite of the advantages of stabilization ponds, they do not usually provide sufficient incentives
to support maintenance cost. The use of macrophyte ponds has been recommended as an
alternative to algal ponds (Gijzen and Khonker, 1997) with the possibility of resource recovery
as an incentive, but the performance in developing countries where this technology will be most
appropriate has not been thoroughly investigated. Also, it is unclear how macrophyte systems
compare to algal ponds with respect to main treatment parameters.

This study was therefore conducted in Ghana, a tropical developing country, using water lettuce
(Pidtia stratiotes) and duckweed (Spirodela polyrhiza), to determine their general performance
with particular reference to pathogen removal. In previous research conducted on a batch scale,
the performance of the macrophyte ponds was found to be efficient in terms of pathogen and
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nutrient removal with no significant differences between the water lettuce, duckweed and algal
ponds (Awuah et al., 2001). Environmental conditions were however different with acidic
conditions characterizing the water lettuce ponds, neutral in duckweed ponds while alkaline
conditions characterized the algal ponds, (Awuah et al., 2001). Since environmental conditions
and pathogen die-off on a batch scale may be different in comparison to continuous flow field
conditions, a similar experiment was conducted using a continuous flow system.

Materials and Methods

Wastewater from the Kwame Nkrumah University of Science and Technology (KNUST) in
Kumasi, Ghana was used. The wastewater was diluted by a ratio of 1:3, sewage to tap water and
put into an anaerobic pond for 2 days. After the anaerobic treatment, the wastewater was
distributed over three pilot scale stabilization pond treatment lines, one with water lettuce, one
with a duckweed cover and another with algae (natural colonization). Each treatment system
consisted of a series of 4 ponds (volume 80L m® each) with a retention period of 7 days per
pond. A flow rate of 0.01m’ /day was maintained in all the pond systems under gravity, resulting
in a total retention time of 28 days each treatment system (Figurel). Dense coverage by water
lettuce and duckweed was maintained. Water lettuce was partially harvested once a week and
duckweed twice a week.
Water lettuce ponds

Pondl [ Pond2 ¥ Pond3 [ Pond4

Algal ponds

Raw

Anaerobic
”| Pond

Wastewater

A 4

Pondl [ Pond2 ¥ Pond3 —® Pond4 [

Duckweed ponds

Pondl [ Pond2 ¥ Pond3 [» Pond4 —

<l
-

Effluents

Figure 1 Schematic diagram of pilot scale macrophyte and algal waste stabilization ponds

The study was carried out one month after algae colonization had appeared, which was visible
from the green coloration and lasted from February to August, 2000. After 6 months of
operation, the containers were decanted and the sludge accumulations were measured.
Periodically, mosquito larvae populations were measured by scooping from the surface with 1L
containers (of surface area 86.6cm?). This was left in the ponds for a few minutes. Larvae were
identified and counted. pH, dissolved oxygen (DO), total dissolved solids (TDS) and
temperature were determined at different levels (0.1m), (0.35m) and (0.63m) of each pond of
the three pond systems at 8, 13 and 20 h Greenwich meridian time (GMT). Faecal coliforms
were determined in samples taken at § GMT at various depths (0.1m), 0.35m) and 0.63m). They
were measured once a week for 8 weeks using membrane lauryl sulphate broth on membrane
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filters. Environmental conditions, i.e. temperature, pH, DO and TDS were measured in situ 4
times during the studies with WTW 323-B/set electronic probes. Suspended solids, biochemical
oxygen demand (BOD), chemical oxygen demand (COD), phosphate, ammonia nitrogen,
nitrite-nitrogen and nitrate-nitrogen were measured at influent and all effluent points each week
for 8 weeks using the Standard Methods in Greenberg et al., (1992). Turbidity was measured
with Nephelometric turbidity meter. Data analyses were conducted based on the students’ “t”
test and standard deviation.

Results

Temperature, pH and DO for the raw wastewater and anaerobic pond were almost the same. The
average faecal coliform concentration of the raw wastewater was 3.5x10%/100ml and that of the
effluent from the anaerobic pond was 2.8x107/100ml. The BOD and COD characteristics of the
raw sewage showed that the sewage was above the medium strength (Metcalf and Eddy, 2003).
The raw wastewater had an average BOD of 285 mg/L and COD of 696mg/L. Ammonia
nitrogen was 38mg/L. The concentrations in the anaerobic pond effluent were 80mg/L for BOD,
182mg/L for COD and 18.66mg/L for ammonia (Table 1).

Table 1 Characteristics of raw wastewater and anaerobic pond effluent

Parameter Raw wastewater Anaerobic effluent
Temperature (°C) 28.8+1.8 30.7£0.7
DO (mg/L) 0.5+0.1 0.3+0.2
pH 7.8+0.5 7.4+0.1
TDS mg/L 1052 +£353 397.3+228.8
Faecal coliforms/100mL 3.5x10°+4.0x10° 2.8x107+1.2x10’
COD (mg/L) 696.0+28.8 182.0+£52
BOD (mg/L) 284.74+25.3 80+1.5
NO;-N (mg/L) 4.9+2.1 1.9+0.7
NO,-N (mg/L) 0.1+0.1 0.5+0.9
NH;-N mg/L 38.1+8.2 18.742.5
Total phosphorous (mg/L) 15.3+6.3 4.3+2.3

The environmental conditions presented in Table 2 are a combination of diurnal and profile
readings. Thus, the values appear low in comparison to afternoon values, which are normally
higher (Awuah et al., 2001). Environmental conditions measured showed that the water lettuce
ponds had acidic conditions and low oxygen levels. Duckweed ponds had neutral pH and low
DO levels. Algal ponds were alkaline (>pH 8) and had high levels of oxygen (>5mg/L) in the
last pond. The pH and DO in the last ponds of the algal pond system were higher than in the two
macrophyte systems with significant (P<0.05) differences (Table 2). The total dissolved solids
were least in the water lettuce ponds followed by duckweed and algal systems in the last pond
(Table 2).



Chapter Six: Comparative Performance Studies of Water Lettuce, Duckweed and Algal Stabilization Ponds 83
Using Low Strength Sewage

Table2  Average environmental conditions in macrophyte and algal ponds
(Diurnal and profiles combined)

Pond systems Temperature (°C) pH DO (mg/L) TDS (mg/L)
Anaerobic (effluent) 30.7a* 7.4d 0.3a 397.3a
Water lettuce | Pond 1 29.8a 6.3a 0.7b 257.0e
Pond 2 29.6 a 5.7a 0.8b 166.2b
Pond 3 29.5a 4.9b 2.1c 90.6C
Pond 4 29.6 a 4.4b 3.3d 95.9¢
Duckweed Pond 1 29.7a 6.9c 0.9b 551.2a
Pond 2 293 a 7.0c 1.1b 446.4a
Pond 3 29.5a 6.8¢ 1.7¢c 353.8d
Pond 4 29.5a 6.7c 2.7d 261.6e
Algae Pond 1 29.6 a 7.6d 2.7d 412.2a
Pond 2 29.7a 7.5d 2.8d 349.9d
Pond 3 299 a 7.3d 2.6d 299.9d
Pond 4 30.1a 8.8e 5.9e 280.7d

*Numbers in the same column with the same letter showed no significant differences (P<0.05)

The log removal of faecal coliforms per pond was in an increasing order of 1.6 for water lettuce,
2.0 for duckweed and 2.7 for algae in each treatment system (Table 3). Faecal coliform levels
declined progressively along the series. Significant differences (P<0.05) between pond systems
were observed in the last ponds only (Figure 2).

Lowest faecal coliform counts were observed at the surface in the algal and duckweed ponds
and in the middle of the water column in the water lettuce ponds. Most of the faecal coliforms
were found in the sediments of all pond systems (Table 3; Figure 3). The log;o removal from the
first pond to the last ponds in the sediment layer was zero for duckweed and 3 for algae and
water lettuce (Table 3).
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Figure 2 Faecal coliform removal in macrophyte and algal ponds

Samples from the middle of the last pond in the water lettuce treatment system showed highest
faecal coliform removal with log removal of 4, while it was 3 for algae and duckweed. In the
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surface profiles, log removal from the first pond was 2 for water lettuce, 2 for duckweed and 4
for algae. From the anaerobic pond to the final effluent, log removal of 3, 4 and 6 were observed
in water lettuce, duckweed and algal pond systems respectively (Table 3). Increasing retention
period, high pH and DO were associated with high faecal coliform removal (Tables 2 and 3).

100% -

80% -

60% -

40% -

Treatment systems

E0.63m

d0.35m

J0.10m

Figure 3 Faecal coliform profiles in macrophyte and algal ponds in percentages

Table 3 Faecal coliform profiles and die-off in pond systems

Ponds 0.1m 0.35m 0.63m k
1 9.6E+5+8.8E+5 1.3E+5+1.4E+5 5.1E+746.1E+7
2 1.7B+5+2.0E+5 6.0B+4+6.4E+4 4.0B+7+5.0E+7
3 8.3E+4+7.3E+4 9.0E+3+6.9E+3 7.8E+6+1.3E+7
Water lettuce 4 9.6E+3+2.2E+4 7.0B+1£9.0E+1 2.3B+5+2.6E+5 1.6
0.1m 0.35m 0.63m k
1 2.5E+5+2.1E+5 2.3E+6+3.3E+6 3.1E+6+2.1E+6
2 5.3E+4+6.5E+4 9.7E+5+8.1E+5 1.2E+6+1.3E+6
3 8.3E+3+7.7E+3 1.1E+349.2E+2 2.8E+6+2.1E+6
Duckweed 4 2.8E+3+2.9E+3 4.1E+344.7E+3 2.1E+6+2 4E+6 2.0
0.1m 0.35m 0.63m k
1 1.2E+5+1 4E+5 1.2E+5+8.3E+4 1.5E+7+2.5E+7
2 1.6E+3+6.3E+3 3.9E+4+2.6E+4 1.6E+7+1.8E+6
3 7.5E+3+3.6E+3 4.1E+3+1.7E+3 2.8E+5+1.2E+5
Algae 4 5.0E+1+8.0E+1 2.7E+2+3.8E+2 1.9E+5+1.0E+5 2.7

k=Log removal of faecal coliforms/pond

The organic matter declined with time. The BOD: COD ratio also declined with time with the
highest declines recorded in the macrophyte-based ponds (Table 4). The BOD removal was not
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significantly (P<0.05) different in the water lettuce and duckweed ponds (Table 4). Percentage
BOD removal was highest in the duckweed ponds (Table 5), followed by water lettuce and
algae at 95%, 93% and 25% respectively. COD levels increased in the algal ponds by 56%
(Table 5). COD removal was 65% and 59% for duckweed and water lettuce respectively.
Ammonia removal was 95% for both water lettuce and duckweed and 93% in the algal ponds
with no significant (P<0.05) differences between pond systems. Nitrate concentrations increased
in the algal based system by 79% and decreased by 16% and 21% respectively for water lettuce
and duckweed treatment systems. Nitrite levels increased in macrophyte ponds but decreased in
algal the pond systems. Total phosphorus removal was 9% and 32% in duckweed and water
lettuce ponds. The concentrations in the algal ponds increased by 19% (Table 5).

Table 4 Average organic and nutrients levels and BOD/COD ratios in macrophyte and algal

ponds
Parameters in mg/L BOD/COD ratio
Treatment System BOD COD | Total P | NO3;-N | NO,-N NH;-N
Raw sewage 284.7a | 696.0a | 15.3a 4.9a 0.11a 38.1a 0.41
Anaerobic pond effluent| 80b 182.0b | 4.3b 1.9b 0.50b 18.7b 0.43
Pond1 | 37.8¢c | 109.9c | 4.7b 2.4b 0.03c 36.3a 0.30
Pond2 | 25.5d 85.3d 2.8c 2.0b 0.33d 22.0c 0.29
Pond3 | 16.9e | 83.2d 4.9b 2.0b 0.75e 11.4d 0.20
Water lettuce | Pond 4 4.2f 74.0e 2.9c 1.6b 0.66e 3.5e 0.06
Pond1 | 24.1d | 137.0b | 3.9d 2.2b 0.02c 39.4a 0.18
Pond2 | 16.5e | 111.3c | 4.2d 1.7b 0.12a 27.0f 0.14
Pond3 | 12.6e | 73.6e 4.2d 1.6b 0.27d 15.7d 0.17
Duckweed | Pond 4 5.8f 64.0e 3.9d 1.5b 0.47b 4.7e 0.09
Pond 1 | 46.29 | 197.4b 5.2e 1.5b 0.17a 26.8f 0.23
Pond2 | 85.8b | 262.3b 5.2e 2.6C 0.02c 14.1d 0.33
Pond3 | 54.4g | 307.2f 4.7b 3.2c 0.25d 8.39 0.18
Algae Pond4 | 59.2g | 283.5f 5.1e 3.4c 0.07c 3.4e 0.21

*Numbers in the same column with the same letter showed no significant differences (P<0.05)

Table 5 Removal efficiencies of macrophyte and algal ponds.

Parameter Water lettuce Duckweed Algae
TDS( %) 70 15 9
Turbidity( %) 95 92 56
Faecal coliform removal
(log) 3 4 6
BOD( %) 93 95 25
COD (%) 59 65 56 increase
NO;'N( %) 16 21 79 increase
NH;-N (%) 95 95 93
Total P( %) 33 9 19 increase

Sludge accumulations were lower in the anaerobic and macrophyte ponds than in the algal
ponds (Figure 4). Turbidity measurements were significantly (P<0.05) higher in the algae ponds
than in the macrophyte ponds (Figure 5). The water lettuce ponds had mosquitoe larvae in all
the ponds with no significant difference between them. Mosquitoe larvae were present in all the
algal ponds too. Apart from the second pond, the duckweed ponds did have no mosquitoe larva.
Culex species were the only mosquitoes found during the studies. Mosquito larvae populations
of 96/m?%, 3,516/m* and 11,175/m?, were counted in duckweed, algal and water lettuce ponds
respectively (Figure 6).
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Figure 4 Sludge accumulations in macrophyte and algal ponds
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Figure 5 Turbidity in macrophyte and algal ponds
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Figure 6 Mosquito larvae populations in macrophyte and algal ponds

Discussion

The environmental conditions observed were the same as the ones observed under the batch
scale systems (Awuah et al., 2001). Sharma and Sridhar (1985) also observed acidic conditions
in water lettuce ponds in Nigeria. Attionu (1972) however, reported that alkaline conditions
were associated with water lettuce ponds both under laboratory and field conditions in Ghana.
The acidic conditions in the water lettuce ponds could be due to the inability of the water lettuce
plants to use up all the CO, produced during respiration. The CO, then passes through the roots
into the water. Atmospheric CO, is readily available for the leaves, which are exposed to the
atmosphere. In the algal ponds, CO, is always a limiting factor and instead carbonates and
bicarbonates present is utilized. However, this drives a reaction in equation 1-4 to produce more
OH’ creating alkaline conditions found in algal ponds.

C02+H20 «— H2CO3 (1)
H,CO; — H' +HCO; )
HCO;- «—> H+ COs-* (3)

CO;-* + H,0 «— HCO; + OH 4)

The removal of faecal coliforms is in conformity with that of Zimmo et al., (2002) who reported
that algal ponds are more efficient than duckweed in the removal of faecal coliforms. The
removal of faecal coliforms in this study was probably due to several factors acting
synergistically to bring about the changes observed. These included high pH (Curtis et al., 1992;
Parhad and Rao, 1972), temperature and dissolved oxygen (Pearson et al., 1987), long retention
period and sedimentation (Kansiime and van Bruggen, 2001), inactivation by UV light (Curtis
etal., 1992; Davies Colley et al., 1999) exposure to biocides excreted by plants (Gersberg et al.,
1989), adsorption to organic matter (Bastein and Hammer, 1993) attack by lytic bacteria and
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viruses and protozoa grazing (Lijklema et al., 1987; Brettar and Hofle, 1992). Faecal coliform
removal is associated with high pH, high DO and sunlight effects (Awuah et al., 2003; Davies-
Colley et al., 1999), all of which were more predominant in algal ponds than in macrophyte
ponds.

The faecal coliform profiles observed in this study (Table 3; Figure 3) show that low faecal
coliform populations might not always be encountered at the surface especially in water lettuce
ponds. This is because the water lettuce roots provided a surface area for attachment in the
surface region thus, harbouring high numbers of faecal coliforms. Faecal coliform
concentrations in the middle of the water column in water lettuce ponds and that on the surface
of the algal ponds had the lowest numbers. It is therefore recommended that ponds be designed
such that the effluent outlet could be taken at levels with the lowest pathogen or faecal coliform
counts.

The acidic conditions in the last water lettuce pond might have contributed to the removal of
pathogens. Awuah et al., (2003) showed that acidic conditions are detrimental to faecal
coliforms. In the duckweed system, sediments seem to protect pathogens. The reason could be
due to the neutral conditions, which characterized the duckweed ponds. Sedimentation played a
major role in pathogen removal (Table 3 Figure 3) and factors like pond depth and shape, which
affect sedimentation should be studied further with a view to enhance sedimentation in
stabilization ponds. Kansiime and van Bruggen (2001) also found the highest levels of faecal
coliforms in the sediment layers in some parts of a wetland dominated by Cyperus papyrus and
Miscanthidium violaceum. Pond depth must be properly correlated with die-off rates to obtain a
more holistic approach to pond design and engineering.

The die-off obtained in this study is comparable to that of enterococci in batch studies of
macrophyte pond systems (Awuah et al., 2001). The log;y removal of 6 observed in the algal
ponds is one log higher than results by Yagoubi et al., (2000) in wastewater stabilization ponds
in Morocco using low strength sewage of COD of 200mg/L and BOD of 45mg/L. They found
log;o removal ranging from 4 to 5.

The results obtained for faecal coliforms removal in this study does not conform to removal of
enterococci in the same continuous flow system, which showed that enterococci removal was
similar for the three systems (Awuah et al., 2002). The organic matter removal was high in the
macrophyte ponds and this was due to heterotrophic bacteria degradation without further
addition of organic matter from algal biosynthesis. Algal growth in these ponds was limited due
to shading by the macrophytes on the pond surface. The algal ponds produced new algal cells
through photosynthesis that remained in suspension and substantially increased the organic
matter content. This photoautotrophic growth can produce organic matter increases as high as
160-240% (Mayo, 1996). The organic matter removal in terms of COD for the duckweed ponds
(65%) was low compared to results obtained by others (Zimmo et al., (2002), Oron et al.,
(1987), Nevertheless, removal efficiency was comparable to high energy input activated sludge
performance in Nigeria with a similar climate where the removal of COD was 79% (Sangodoyin
and Ugoji, 1993). The performance here also falls in the range reported by Maynard et al.,
(1999) of 32-83 % as efficiency of treatment for BOD and COD of stabilization ponds in Africa.

Water lettuce probably absorbed ammonia or the ammonia could be converted into
nitrites/nitrates and quickly absorbed by the plants. However, this was not investigated. The
removal of ammonia in the duckweed ponds and algal ponds could be due to volatilization and
absorption by duckweed fronds respectively (Bonomo et al., 1997) and denitrification (Zimmo
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et al., 2002). The high nitrate levels in the algal ponds are due to nitrification. Zimmo €t al.,
(2002) observed high nitrate levels in the algal ponds in comparison to duckweed ponds in
Palestine. The removal of phosphorous was low in all 3 pond systems. This could be due to the
fact that the plants were not healthy enough to absorb more of the phosphorous. Toms €t al.,
(1975) reported low phosphorous removal in tertiary lagoons where algal growth was low. The
increase observed in phosphorous in algal ponds may be due to re-suspension of phosphorus in
the algal biomass at high pH and DO (Mara and Pearson, 1986; Reed et al., 1988).

The low turbidity was expected in the water lettuce and duckweed ponds. The macrophyte cover
on the surface kept agitation low. The algae were however suspended and this gave a rather
turbid environment. The high sludge accumulations in the algae pond were due to the fact that
the algae were not harvested and eventually settled to the bottom as sediments. The
macrophytes were harvested resulting in low sludge accumulations.

Mosquito breeding was common in the water lettuce and algal ponds. The water lettuce plants
do not form a tight cover, thus leaving spaces for mosquitoes breeding. The morphology of
water lettuce and the environmental conditions in the pond apparently provided an ideal haven
for the larvae. According to Sainty and Jacobs, (1981) water lettuce harbours mosquito larvae.
The duckweed ponds were virtually devoid of mosquito larvae. Duckweed fronds completely
covered the surface of the ponds. According to Goma (1966), duckweed interferes with
respiration and causes asphyxiation of mosquito larvae. Such respiratory interferences were
absent in the water lettuce and algal ponds. All the species identified were Culex species, the
vector of the filarial worm of elephantiasis, which is not prevalent in the area of study.

The performance in terms of pathogen, nutrient and organic matter removal showed significant
differences in comparison to batch scale studies (Awuah et al., 2001).

Conclusions

Algal ponds are more efficient in the removal of pathogens than macrophyte ponds, while
macrophyte ponds are more efficient in organic matter and nutrient removal than algal ponds
using low sewage strength. If effluent is discharged from the portion below the roots of water
lettuce plants, pathogen removal could be comparable to algal ponds. Macrophytes may
decrease the frequency of desludging due to low sludge accumulations. Duckweed may help in
the substantial reduction of mosquitoes breeding in ponds. The benefit of macrophyte and algal
waste stabilization ponds could be harnessed by combining both systems. Since this study was
conducted by diluting sewage, the performance studies should be repeated for raw wastewater.
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Using Medium Strength Sewage

Abstract

The potential of water lettuce (Pistia stratiotes), duckweed (Spirodela polyrhiza), and algal (natural
colonization) pond systems to treat domestic wastewater for the removal of faecal bacteria (Escherichia
coli, coliforms, Salmonella, other enterobacteria and enterococci), organic matter and nutrient loads were
evaluated for a period of 12 months in waste stablisation ponds operating in series of four for each
treatment system. Biomass yield and protein content of macrophytes in the ponds were measured. When
macrophytes and algae were visibly healthy, (performance was at its peak) an 8week intensive
measurements of environmental conditions were determined at various depths (0.10m, 0.35m and 0.63m)
in each pond of all 3-pond systems. Faecal bacteria were determined in the effluent from each pond in
series. Neutral conditions and low DO concentrations were associated with the macrophyte ponds. The
algal ponds had high DO concentrations. Removal of E. coli, Salmonella and other enterococci were the
same in all three systems with no significant (p<0.5) differences during the one-year monitoring phase.
Removal of all other faecal bacteria in the duckweed pond system was comparable to that of the algal
pond system during this period. During the intensive measurements period however, both macrophyte
pond systems performed better in the removal of coliforms and other enterobacteria than the algal ponds.
BOD removal ranged from 83-99%, 88-97% and 79-83% in water lettuce, duckweed and algae
respectively with the higher removal efficiencies occurring during the intensive measurement study. Total
nitrogen removal was more than 80% in all pond systems. Total phosphorous removals were 42%, 62%
and 61% in water lettuce, duckweed, and algal systems, respectively, during the one-year monitoring
phase. Total biomass yield (wet weight) in the water lettuce and duckweed pond systems were
respectively 503.6 and 286.6 tons /ha/year. Protein content in the macrophytes was highest in the second
pond with water lettuce leaves having 22% and duckweed fronds having 34% protein.

Keywords: Water lettuce; duckweed; algae; faecal bacteria; performance

Introduction

Municipal and industrial wastewaters are largely discharged without treatment into surface
waters throughout the developing world and examples of gross pollution are ubiquitous. The
health implications on communities downstream cannot be overemphasized. According to the
UN World Water Assessment Programme (UNESCO, 2003), 2 million people die from
diarrhoea every year as a result of poor sanitation; most of them live in developing countries.
Domestic wastewater treatment has thus become a matter of concern for governments of
developing countries. In Africa where many people depend on surface water without treatment
for potable water, quality criteria should be strict and wastewater discharges will have to be
carefully controlled, particularly the removal of pathogenic organisms. With increasing
urbanization in developing countries, municipalities must look for rational low-cost solutions to
environmental quality problems if development goals are to be achieved without destroying
natural resources. Such low cost facilities must, however, be able to provide high treatment
efficiencies. Macrophyte-based waste stabilization ponds are being employed in wastewater
treatment in many parts of the world as low cost technologies to promote resource recovery and
wastewater re-use (Greenway, 2003). Wastewater characteristics and environmental conditions
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vary from place to place and the treatment efficiency of stabilization ponds may vary from

country to country. Thus, assessment of treatment efficiencies of such technologies must be

evaluated in a country before introduction on a large scale. Waste stabilization ponds, relying on

natural processes based on bacteria and algae, for nutrients and pathogen removal have two vital

objectives:

1. The elimination of pathogens associated with domestic wastewater, thus protecting public
health and

2. The conversion of contaminants present in the wastewater into stable oxidized end products,
which can be safely discharged into the environment without any adverse ecological effects.

Waste stabilization ponds are known to be low cost in construction, operation and maintenance
and have been recommended for poor countries trying to improve on their sanitation (Von
Sperling, 1996; Oakley et al., 2000). Even though the operation and maintenance are low-cost,
many of the ponds in Ghana are neglected and have broken down due to lack of incentives
(Awuah et al., 1996; Awuah et al., 2002a). When macrophytes are used as part of waste
stabilization ponds, the macrophytes and their associated biofilms play an important role in
removing, transforming and storing nutrients. The plant cover reduces water velocity and
turbulence causing filtration and settlement of particles and provides an increased surface area
for attachment of microorganisms for degradation of organic materials. The high productivity
and nutrient removal capability of macrophytes have created substantial interest in their use for
wastewater treatment and resource recovery. Nutrients recovered in plant biomass can be used
for aquaculture and other economic activities. Effluent, after this treatment, can further be used
for irrigation without high algal suspended solids. This is an added advantage to wastewater
treatment. However, the removal of pathogens is crucial for the safe reuse of effluents. The
removal of pathogens, organic and nutrient loads in macrophyte ponds has not been extensively
studied. The performance in comparison to that of algal ponds is unclear especially in terms of
pathogen removal. Previous investigations using diluted sewage (low strength) showed that the
removal of nutrients and organic matter were higher in the macrophyte ponds than in algal
ponds, whereas faecal coliform removal was better in the algal ponds than in the macrophyte
ponds (Awuah et al., 2004a). The removal of enterococci, however, showed no significant
differences between macrophyte and algal ponds (Awuah et al., 2002b). The wastewater used in
these studies was diluted and therefore represented low strength sewage. The aim of this study
was to compare the overall performance between the macrophyte and algal pond systems using
undiluted, medium strength sewage. More specifically, the objectives were to determine:

i. The environmental conditions in macrophyte and algal pond systems,

ii. The wastewater treatment efficiencies in macrophyte and algal pond systems in terms of
faecal bacteria, nutrient and organic matter removal and

iii. The biomass yields and protein content of water lettuce and duckweed plants growing in the
waste stabilization pond systems to measure their potential economic uses.

Materials and Methods

The study was conducted using a bench-scale continuous flow set up at the Kwame Nkrumah
University of Science and Technology, (KNUST), Kumasi, Ghana in a tropical climate. The
system consisted of 3 parallel treatment lines of 4 ponds each, involving the use of water lettuce
(Pidtia stratiotes), duckweed (Spirodela polyrhiza) and algae (natural colonization). A flow rate
of 0.01m*/day was maintained in each treatment system. Each pond had a depth of 0.63m and
surface area of 0.145m’ and hydraulic retention period of 7 days. Wastewater was collected at
the influent grit chamber of the University’s wastewater treatment plant at 7 GMT daily and put
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into the anaerobic pond, which fed into the 3 pond systems, by gravity in a continuous flow
(Figure 1). Water lettuce ponds were maintained by harvesting macrophytes once in a week and
duckweed ponds were harvested twice in a week.

Water lettuce ponds

Pondl [ Pond2 ¥ Pond3 [ Pond4

Algal ponds

Raw

Anaerobic
”| Pond

Wastewater Pondl [ Pond2 r® Pond3 —» Pond4 [

A 4

Duckweed ponds

Pondl ¥ Pond2 [ Pond3 ¥ Pond4 |—

Effluents

Figure 1 Schematic diagram of bench-scale macrophyte and algal waste stabilization ponds

Performance of the 3 systems was monitored during a 12 months period (low intensity
sampling), with eight weeks intensive measurements. Parameters for the 12 month performance
evaluation (low intensity) were: temperature, pH, dissolved oxygen (DO), total suspended solids
(TSS), total dissolved solids (TDS), biochemical oxygen demand (BOD), chemical oxygen
demand (COD), total phosphorous, ammonia, nitrate, nitrite and total organic and Kjeldahl
nitrogen and indicators of faecal bacteria using Escherichia coli, coliforms, Salmonella, other
enterobacteria and enterococci. These were measured monthly for one year in samples from the
raw sewage, from the effluent of the anaerobic pond and the final effluents from each of the 3
pond systems between 7 and 8 (Greenwich Meridian time) GMT. After four months of algae
colonization, when the performance was at its peak (plants were healthy and there was no
disease or algae colonization in macrophyte ponds or the presence of floating algae in algal
ponds), intensive performance measurements were made at each stage of treatment, for at least
four times over a period of 8 weeks. Parameters measured during the intensive periods included
TSS, turbidity, BOD, COD, ammonia, nitrate, nitrite, total Kjeldahl nitrogen, total phosphorous
and faecal bacteria. Environmental conditions (temperature, pH, DO) were also measured at 8,
13 and 20 GMT at 0.1m (surface), 0.35m (middle) and 0.63m (bottom). Temperature and pH
were measured with a portable electronic meter 322-B WTW. DO was measured with an
oximeter, Oxi 323-B/set WTW. TDS and conductivity were measured with a conductivity
meter/WTW. Organic matter and nutrient concentrations (BOD, COD, ammonia, nitrates,
nitrites, total organic and Kjeldahl nitrogen, total phosphorous) were analysed according to
Greenberg et al., (1992).

Enumeration of E. coli, coliforms, Salmonella and other enterobacteria was done on chromocult
agar after incubation at 37°C for 24 hrs by spread plate method (Byamukama et al., 2000).
Enterococci were enumerated according to Niemi and Ahtiainen, (1995). The ponds were
maintained by harvesting water lettuce once a week and duckweed twice a week. Biomass yield
in the ponds was measured by weighing the amount of macrophytes harvested each week.
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Protein content of the macrophytes was analysed by electrophoresis in the Department of
Biochemistry, KNUST, Kumasi, Ghana.

Results

12 month (low intensity) performance studies

The temperature of the raw wastewater, of the anaerobic pond effluent and of the final effluent
from all pond systems was similar (Table 1). The pH of the raw wastewater, the anaerobic pond
effluent and the final effluents of the water lettuce and duckweed ponds were neutral, but the pH
in the final effluent of the algal ponds was alkaline. The raw wastewater and the anaerobic pond
were not completely anaerobic. The DO concentrations did increase along the series of ponds in
all treatment systems, with the algal pond effluents having the highest DO levels. Total
dissolved solids were high in both raw wastewater and in the anaerobic pond with a high
variation. In all the pond systems, total dissolved solids declined along the series of ponds and
were lowest in the water lettuce ponds (Table 1).

Table 1 Environmental conditions and characteristics of influent and effluents of macrophyte
and algal ponds between 7-8§GMT (Annual Means)

Parameter Influent Anaerobic pond | Water lettuce Duckweed Algae
Temperature (OC) 27.4+3.4 26.9+£3.8 27.1£3.7 27.0£3.7 27.4+£3.5
pH 7.4£0.4 7.3+0.8 7.0£0.4 7.1£0.5 8.8+1.3
DO (mg/L) 1.3+1.3 2.0£1.9 3.5£1.5 3.5+1.1 4.4+3.6
TDS (mg/L) 1852+2202 23024823 522+190 9244417 1076530
SS (mg/L) 2270+160 97+49 52436 24+17 93453
COD (mg/L) 5954237 348+176 104+61 105+113 2714210
BOD (mg/L) 264487 155+64 43425 31422 55426
Total Kjeldahl N (mg/L) | 78.9+32.5 90.5+32.1 4.6+3.5 3.843.7 8.4+5.7
Ammonia (NH;-N) (mg/L) | 59.0+25.2* 81.3+3.2 22423 1.242.0 1.7+2.5
Organic-N (mg/L) 19.9+5.8 9.2+4.5 2.543.1 2.543.5 6.7+4.2
Nitrite (NO,-N) (mg/L) 0.07+0.1 0.06+0.1 0.02+0.0 0.01+0.0 0.02+0.0
Nitrate (NO;-N) (mg/L) 1.0+0.9 2.342.1 0.6+0.8 1.742.8 0.140.1
Total phosphorous (mg/L) 6.7+5.0 6.2+4.4 3.9+4.5 2.6x1.8 2.6+£2.2

+ Standard deviation * High ammonia values obtained because the grit chamber was sometimes used for
the discharge of septage, which has very high ammonia concentrations.

The organic matter of the raw wastewater with an average BOD of 264mg/L (Table 1) was
slightly higher than values reported by Metcalf and Eddy (1991) for medium strength sewage.
High organic matter removal was observed in all three systems. Most of the time, the BOD and
COD concentrations met the Environmental Protection Agency (Ghana) guidelines (EPA, 1995)
of 50mg/L and 250mg/L respectively for BOD and COD (Figure 2). The organic matter
removal efficiency in the water lettuce and duckweed ponds was higher (BOD and COD
removal more than 80%) than in the algal ponds (BOD and COD removal of 79% and 54%,
respectively). BOD, COD and TSS concentrations followed the same trend in the final effluents
over the year for all pond systems (Figure 2).
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Total Kjeldahl nitrogen and ammonia were reduced considerably (90% or more) in all pond
systems. Nitrate and nitrite concentrations were negligible in all cases and well below the EPA
guidelines. Total phosphorous concentrations in the influent and anaerobic pond were more than
6.0mg/L with a strong variation in all the samples analysed. Total phosphorous removal was
42% in the water lettuce, 62% in the duckweed and 61% in the algal pond systems (Table 1).
The concentration of phosphorous in the effluent did not meet the Ghanaian EPA guidelines.
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Figure 2 Removal of organic matter and TSS in macrophyte and algal ponds

Removal of E. coli, Salmonella and enterococci was not significantly (p<0.05) different among
the 3 pond systems (Figure 4).

Water lettuce pond system had poor performance in the removal of other coliforms and
enterobacteria. The removal of E. coli, other coliforms, other enterobacteria and enterococci in
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the duckweed pond system was comparable to that of algal pond system during the one-year
monitoring (Figure 3).
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Figure 3 Annual means of faecal bacteria in influent and final effluent treatment pond systems
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Eight week intensive performance studies
Environmental conditions

Table 2 Environmental conditions in the water lettuce pond system

Time (in GMT) Time (in GMT)
8 | 13 | 20 8 | 13 [ 20
Pond Depth Temperature ("C) DO (mg/L)

1 Surface (0.10m) 26.7+0.4 31.7+3.0 31.3£2.1 1.3+0.6 1.3+0.3 1.2+1.4
Middle (0.35m) 26.5+0.7 29.5+1.8 31.0£2.0 1.4+0.5 0.9+0.4 1.1£1.3
Bottom (0.63m) 26.2+0.4 29.3£1.5 30.44+2.2 1.3+0.4 0.8+0.5 1.4+1.1

2 Surface (0.10m) 26.8+0.4 31.5+2.7 30.94£2.0 2.2+1.3 1.4+0.4 1.3+1.2
Middle (0.35m) 26.5+0.6 29.5+1.8 30.8+2.0 1.4£1.3 0.9+0.1 1.1£1.2
Bottom (0.63m) 26.1+0.6 29.3+1.7 30.3+2.3 2.4+1.1 0.9+0.3 1.2+1.3

3 Surface (0.10m) 26.8+0.4 32.0+2.6 31.0+1.8 2.3+1.1 1.9+0.8 1.5+0.9
Middle (0.35m) 26.6+0.6 29.7+2.0 30.7+1.9 1.4+£1.1 1.0£0.3 1.2+1.0
Bottom (0.63m) 26.3+0.6 28.7+1.7 30.1+2.1 2.5+0.8 0.9+0.3 1.2+1.2

4 Surface (0.10m) 26.9+0.4 32.242.9 30.6+1.9 2.5+0.6 2.9+1.5 2.1+0.4
Middle (0.35m) 26.5+0.5 29.3+1.8 30.4+1.9 1.4£0.6 1.6£0.6 1.6£0.7
Bottom (0.63m) 26.5+0.5 28.1+1.2 29.5+1.4 2.5+0.6 1.3+0.3 1.7£0.9

pH TDS (mg/L)

1 Surface (0.10m) 7.2+0.1 7.1+0.1 7.2+0.0 467+488 2274227 | 7144413
Middle (0.35m) 7.2+0.1 7.1£0.1 7.240.0 472+486 461+461 7134414
Bottom (0.63m) 7.2+0.1 7.1£0.0 7.1£0.0 4734471 4504450 | 691+401

2 Surface (0.10m) 7.0£0.0 7.0+0.1 7.0£0.0 320+300 230+230 | 456+265
Middle (0.35m) 7.0+£0.0 7.0£0.1 7.0£0.0 3184299 3804380 4571266
Bottom (0.63m) 7.0£0.1 7.040.1 7.0+0.0 317+295 379+379 448+256

3 Surface (0.10m) 6.7+0.0 6.8+0.1 6.8+0.0 235+188 2784278 | 291+171
Middle (0.35m) 6.7+0.0 6.7£0.0 6.7£0.0 235+187 3724372 | 292+171
Bottom (0.63m) 6.8+0.1 6.7£0.0 6.8£0.0 236+181 388+388 | 288+167

4 Surface (0.10m) 6.6+0.0 6.8+0.2 6.7+0.0 214+119 396+396 195117
Middle (0.35m) 6.6+0.0 6.6+0.0 6.7+0.0 215+119 457+457 195117
Bottom (0.63m) 6.5+0.1 6.6:0.0 6.6+0.0 215+118 4544454 196+118

Temperatures were generally higher on the surface than other depths for all the ponds in all 3-
pond systems. The values ranged from 25-34°C. There were no differences between water
lettuce, duckweed and algal ponds (Table 2, 3 and 4).The macrophyte ponds had a neutral pH
and low DO concentrations between 0.8 and 3.6mg/L. There were no diurnal fluctuations in pH
and DO in the macrophyte ponds. In the water lettuce systems, the pH declined from pond 1 to
pond 4 with slight differences towards acidic conditions between the first two ponds and the last
two ponds (Table 2). The pH values did not change from pond 1 to pond 4 in the duckweed
system (Table 3).

DO concentrations in the macrophyte ponds increased along the series of ponds with low values
at the bottom. The pH and DO levels on the surface in the algal ponds increased along the series
of ponds and showed diurnal fluctuations. Neutral pH and low DO levels were observed at the
middle and at the bottom. Surface values in the algal ponds were different from bottom values.
TDS in all three pond systems decreased along the series of ponds in the water lettuce ponds.
The surface values were always lower than the middle and bottom portions of all pond systems.
There was always an increase from 8GMT to 20GMT in all pond systems except in the last
pond of the water lettuce system (Table 2, 3 and 4).
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Table 3 Environmental conditions in the duckweed pond system
Time (in GMT) Time (in GMT)
8 | 13 | 20 8 | 13 | 20
Pond Depth Temperature ("C) DO (mg/L)
1 Surface (0.10m) 27.6+0.7 34.0+2.4 30.1+1.4 2.2+1.5 1.1+0.7 0.8+0.8
Middle (0.35m) 26.6+0.4 30.542.1 30.0£1.5 1.9+1.7 0.8+0.3 0.6:0.6
Bottom (0.63m) 26.3+0.5 29.9+1.8 28.9+1.8 1.9+1.3 0.8+0.4 0.8+0.8
2 Surface (0.10m) 27.340.8 339425 29.841.3 1.8£1.1 1.740.4 1.0£1.0
Middle (0.35m) 26.4+0.2 30.242.0 29.841.4 2.0£1.0 0.8+0.4 0.7+0.7
Bottom (0.63m) 26.1+0.4 29.7+1.8 28.9+2.1 2.2+1.0 0.7+0.5 0.7+0.7
3 Surface (0.10m) 27.3£1.0 33.7+2.6 29.9£1.3 2.3+0.7 2.2+0.3 1.8+£0.4
Middle (0.35m) 26.4+0.1 30.2+2.0 29.7+1.4 2.3+0.8 1.7+0.2 1.1£0.5
Bottom (0.63m) | 26.0 +10.3 29.6+1.7 29.4+2.1 2.5+0.6 1.9+0.4 1.1£0.5
4 Surface (0.10m) 27.0+£0.6 33.2+3.1 29.7+1.3 2.4+0.7 3.6x1.2 2.6+0.2
Middle (0.35m) 26.3+0.3 30.0+2.0 29.7+1.4 2.4+0.6 3.0+0.9 2.3£0.1
Bottom (0.63m) 26.2+0.3 29.2+1.7 29.3£1.3 2.3+£0.5 2.5+0.3 1.7+1.1
pH TDS (mg/L)
1 Surface (0.10m) 7.2+0.0 7.3+0.1 7.2+0.0 220+455 220+46 746+449
Middle (0.35m) 7.2+0.0 7.2+0.1 7.2+0.0 478+466 478+385 | 746+449
Bottom (0.63m) 7.1+£0.0 6.9+0.2 7.0+0.1 475+467 475+377 | 725+440
2 Surface (0.10m) 7.3+0.0 7.3+0.0 7.3+0.0 356+304 356+175 5384449
Middle (0.35m) 7.2+0.0 7.3+0.0 7.3+0.0 3514305 3514230 | 5384449
Bottom (0.63m) 7.240.0 7.2+0.0 7.2+0.0 3484303 3484229 | 5314440
3 Surface (0.10m) 6.9+0.0 7.0£0.1 7.0£0.1 1194223 1194338 | 410+255
Middle (0.35m) 6.9+0.0 6.9+0.1 6.9+0.1 267+223 2674286 | 4114256
Bottom (0.63m) 6.9+0.1 6.9+0.0 6.9+0.0 264+225 264+313 | 406+254
4 Surface (0.10m) 7.0£0.1 7.240.1 7.0+0.1 197+205 197+589 | 368+227
Middle (0.35m) 7.0£0.1 6.9+0.2 7.0+0.1 2424208 2424528 | 367227
Bottom (0.63m) 6.9+0.1 6.7+0.1 7.6+0.9 2394209 2394526 | 3634225
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Table 4 Environmental conditions in the algal pond system

Time (in GMT) Time (in GMT)
8 | 13 [ 20 8 [ 13 [ 20
Pond Depth Temperature ("C) DO (mg/L)

1 Surface (0.10m) 27.0+1.1 34.1+2.9 30.0+£2.0 2.1+0.7 6.6:4.0 1.1£13
Middle (0.35m) 26.140.3 30.1+2.4 29.8+2.2 2.3+0.7 2.3+1.0 1.1£1.3
Bottom (0.63m) 26.1+0.5 29.5+2.4 29.542.2 2.5+0.7 1.9+1.5 1.1£1.3

2 Surface (0.10m) 26.940.9 33.840.1 30.0£2.0 2.6+0.6 6.9+4.7 1.4+1.1
Middle (0.35m) 26.140.3 30.140.1 29.742.0 2.3+0.8 2.6+1.1 1.2£13
Bottom (0.63m) 26.0+0.3 29.4+0.0 29.7+2.1 2.4+0.5 1.9+0.9 1.2+1.4

3 Surface (0.10m) 26.6+0.6 33.7+3.4 29.9+1.9 2.3+0.5 5.7+3.1 2.5+1.1
Middle (0.35m) 26.1+0.4 29.5+2.2 29.6+1.9 2.3+0.5 1.8+0.7 2.2+0.7
Bottom (0.63m) 25.840.4 28.7+1.9 29.2+1.9 2.4+0.5 1.7£1.2 1.4£1.5

4 Surface (0.10m) 26.5+0.4 33.5+3.4 30.0+1.9 2.5+0.4 5.6+3.3 3.9+33
Middle (0.35m) 26.1+0.3 29.6+2.2 30.0+£2.0 2.6+0.4 2.8+1.6 2.9+2.6
Bottom (0.63m) 26.0+0.4 28.6+1.6 29.3+1.9 2.7+0.4 1.740.5 1.3+£1.4

pH TDS (mg/L)

1 Surface (0.10m) 7.7+0.1 8.3+0.7 7.7+0.1 168+420 168+17 5744323
Middle (0.35m) 7.6+0.1 7.6+0.1 7.7+0.2 3884421 3884438 | 5744322
Bottom (0.63m) 7.240.2 7.2+0.1 7.3+0.3 3824426 3824434 | 5534301

2 Surface (0.10m) 8.0+0.3 9.5+0.7 8.2+0.0 110+247 110+6 3814231
Middle (0.35m) 7.8+0.1 7.9+0.3 8.2+0.0 266247 2664335 3904230
Bottom (0.63m) 7.3£0.3 7.6+0.3 7.840.3 261+239 261+333 | 405+239

3 Surface (0.10m) 8.8+0.4 10.4+0.1 9.2+0.4 111+191 1113 3294231
Middle (0.35m) 8.5+0.1 8.7+0.3 9.1+0.4 230+193 2304259 | 3294230
Bottom (0.63m) 7.9+0.1 8.3+0.1 8.4+0.2 3354217 3354257 | 3284239

4 Surface (0.10m) 9.1£0.4 10.2+0.3 9.6+0.4 256+192 256+3 339+204
Middle (0.35m) 9.0+0.3 9.2+0.3 9.4+0.4 3354192 3354238 | 3344206
Bottom (0.63m) 8.8+0.4 9.0+0.3 9.1+0.2 328+192 3284236 | 3274202

+: Sandard deviation

Organic and nutrient load removal

Organic and nitrogen loads decreased substantially from pond 1 to pond 4. Organic matter was
efficiently removed in water lettuce and duckweed ponds (>95%). For the water lettuce, the
effluent quality in the first pond - in terms of BOD and COD - met Ghanaian EPA guideline
values of 50 and 250mg/L, respectively. For duckweed, the second pond effluent quality was
enough to meet these guidelines values. A similar tendency was observed in TDS and turbidity.
In all cases, the Ghanaian EPA guidelines were met except for algal ponds. Total nitrogen and
ammonia decreased dramatically from pond 1 to pond 4 in all pond systems (>90% reduction).
Nitrite and nitrate concentrations increased along the series of ponds for the macrophyte
systems. There was no difference in all four algal ponds (Table 5).

Total phosphorous did not decrease much along the series of ponds. Turbidity reduced
drastically and correlated well with the suspended solids removal in the macrophyte systems.
Turbidity and TSS levels in the algal ponds were, however, higher than those in the macrophyte
ponds (Table 5).
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Table 5 Intensive performance measurements of macrophyte and algal waste stabilization ponds
BOD COD TSS NH3-N NO,-N NO;-N Total N Total P Turbidity
Treatment system (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (NTU)
Anaerobic pond 343+140 683+30 1181+404 | 108.5+£7.0 | 0.03+0.0 0.05+0.0 163£12.7 4.1+0.4 111545
Water lettuce
Pond 1 49.3+2.3 119+£32 4244222 63.4+1.7 0.01+0.0 0.04+0.0 66.9£1.2 4.8+0.8 87.1£22.9
Pond 2 29.3£3.1 72+4 105+48 28.2+0.4 0.01+0.0 0.23+0.1 32.3+0.5 2.840.5 12.6+4.2
Pond 3 5.3%1.5 3945 772 14.7+0.9 0.66+0.3 0.63+0.0 17.1£1.1 5.140.1 4.8+2.4
Pond 4 3.3+0.6 170 945 7.0+0.3 0.2240.2 0.54+0.0 9.2+0.4 2.8+0.2 7.94+0.6
Duckweed
Pond 1 76+4.0 144+33 135+5 98.1+4.9 0.04+0.0 0.02+0.0 102.3+4.8 4.0+0.1 40.6£7.5
Pond 2 31423 55+14 41+£19 41.9+1.3 0.03+0.0 0.13+0.0 44.5+1.7 4.2+0.4 3.3+0.9
Pond 3 14+2.5 364 1244 19.2+0.5 0.56+0.1 0.26+0.0 21.340.5 4.2+0.4 3.1+0.2
Pond 4 11£1.0 2540 12+10 7.8+0.4 0.03+0.0 0.40£0.0 9.3+0.7 4.0+0.1 2.1+0.1
Algae
Pond 1 100£12.0 231+19 8549 46.7£1.8 0.01+0.0 0.16+0.0 51.542.3 4.2+0.4 58.3+27.1
Pond 2 76+2.0 164+13 17+6 17.9£1.1 0.02+0.0 0.02+0.0 22.0+£2.6 5.240.1 17.5+£1.9
Pond 3 61£3.5 146+9 15143 3.8+0.8 0.02+0.0 0.18+0.1 8.1£1.0 4.8+2.5 39.9+12.7
Pond 4 55+5.6 132+12 114+24 0.3+0.4 0.04+0.0 0.06+0.0 5.540.8 4.2+0.3 34.5+5.8
EPA (Ghana)
guidelines 50 250 50 1.5 - 10 - 2 75
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The number of faecal bacteria declined along the series of ponds. The general trend of faecal
bacteria removal along the series of ponds was not very different among the different pond
systems from pond 1 to pond 3. Most of the elimination of faecal bacteria occurred in the last
pond. The performance in the removal of faecal bacteria in the macrophyte pond systems was
comparable to that algal pond system. Removal of E. coli in terms of log;, was the same for the
algal and water lettuce pond systems. Other coliforms were almost eliminated in the water
lettuce ponds. The removal (log;o) of other coliforms in the algal ponds was the same as that of
the duckweed ponds. Removal (log;o) of other enterobacteria in the macrophytes ponds was

better than that in the algal ponds (Table 6-8).

Table 6 Average faecal bacteria numbers in the effluent of water lettuce ponds

Bacteria Anaerobic Logio
(No/100mL) pond Pond 1 Pond 2 Pond 3 Pond 4 removal
E. coli 3.7x10° 7.7x10° 2.6x10* 5.1x10* 11 5
Coliforms 6.2x10° 5.9x10° 6.7x10* 3.9x10° 1.0 6
Salmonella 1.2x10° 42x10° 5.3x10* 1.0x10° 2.0x10? 4
Other enterobacteria 1.3x10’ 2.4x10° 1.2x10’ 4.7x10° 1.0 7
Table 7 Faecal bacteria numbers in the effluent of duckweed ponds
Bacteria Anaerobic Logjo
(No/100mL) pond Pond 1 Pond 2 Pond 3 Pond 4 removal
E. coli 3.7x10° 1.9x10° 6.7x10° 6.8x10* 1.9x10? 4
Coliforms 6.2x10° 2.0x10° 1.9x10° 8.3x10% 5.0x10 5
Salmonella 1.2x10° 6.6x10’ 4.0x10° 7.5x10% 8.0 6
Other enterobacteria 1.3x107 8.7x107 1.3 x10° 2.8x10% 1.7x10? 5
Table 8 Average faecal bacteria numbers in the effluent of algal ponds
Bacteria Anaerobic Logo
(No/100mL) pond Pond 1 Pond 2 Pond 3 Pond 4 removal
E. coli 3.7x10° 1.7x10 1.1x10° 6.1x107 10.0 5
Coliforms 2.4x10° 1.0x10 7.6x10° 2.7x10° 10.0 5
Salmonella 1.2x10° 5.5x10° 3.8x10° 1.0x10° 5.3x10° 4
Other enterobacteria 1.3x10’ 2.0x107 9.7x10° 2.8x10° 1.2x10* 3

Biomass yield in macrophyte ponds

Growth of macrophytes was initially low in March and progressively increased to August. The
growth in March was the lowest (Figure 5). The macrophytes were probably adjusting to the
new environment. The growth yield of water lettuce decreased from high in the first two ponds
to low values in the last ponds (Figure 5). Duckweed yields were high and similar in the 2™ and
3" ponds; the lowest yield was observed in the first pond (Figure 5). The yield of water lettuce
was higher than that of duckweeds.

The protein content of the macrophytes decreased along the series after pond 2. Pond 2 had the
highest protein content for both duckweed fronds and water lettuce leaves, with values of 34%
and 22%, respectively. At the same stage of treatment in the series of ponds, duckweed fronds
had higher protein content than water lettuce leaves (Table 9).
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Figure 5 Daily biomass (grams) yields of water lettuce and duckweed ponds

Table 9 Total biomass yields and protein content of water lettuce and duckweed leaves

Yield Protein content
Pond System (tonnes fresh wt.ha yr'l) (%)
Water lettuce
Pond 1 153.3 20
Pond 2 157.0 22
Pond 3 113.2 17
Pond 4 80.1 8
Total 503.6
Duckweed
Pond 1 45.6 28
Pond 2 87.6 34
Pond 3 84.0 29
Pond 4 69.4 15
Total 286.6

Discussion

Environmental conditions

The environmental conditions reported here are similar to those in the same pond systems using
low strength sewage (Awuah et al., 2004a), except that the pH in the last two water lettuce
ponds was neutral instead of acidic conditions. TDS was also higher in the medium strength
sewage study than in the low strength sewage study (Table 2). DO levels were much higher in
the previous low strength sewage study than in the present study. The prolific growth, due to
increased nutrient levels, may have contributed to high oxygen levels consumption in the water
lettuce, duckweed and algal ponds. Awuah et al., (2004a) have explained the alkaline conditions
observed in the algal ponds in detail and attributed the low pH in water lettuce ponds to under
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utilization of CO, for photosynthesis in the wastewater. The neutral conditions thus observed
could be proper utilization of CO, produced in the wastewater.

The oxygen level in the anaerobic pond was 2.3+1.9 mg/L, which means it was not anaerobic at
all. This was due to rapid mixing and atmospheric diffusion during the pouring of wastewater
from the grit chamber into the pond.

Organic matter removal

The removal of organic matter was always better in the macrophyte ponds than in the algal
ponds. The organic matter removal in the macrophyte ponds was so good that the effluent from
the 1% water lettuce pond and the 2™ duckweed pond already met the Ghanaian EPA guidelines.
This could reduce the retention period to 7 and 14 days, respectively. However, other
parameters did not meet the recommended guidelines at this stage of treatment. The algal pond
could meet the same criterion only in the last pond. Organic matter removal could be due to
several physical and biochemical processes, including sedimentation of suspended organic
matter in the wastewater (Gannon et al., 1983; Igbal 1999), the oxidation of organic matter by
heterotrophic bacteria in wastewater (Igbal 1999; Maynard et al., 1999) and anaerobic
degradation (Bonomo €t al., 1997) in the bottom sediments of the ponds (Table 2, 3 and 4). The
macrophyte cover provided quiescent conditions to reduce turbulence and enhanced
sedimentation of suspended materials. In addition, the root zone provided a place of attachment
for heterotrophic bacteria to degrade organic materials attached to the roots. The algae also
provided surface area for attachment and oxygen for the breakdown of organic matter and for
nitrification. Some of the algae also settled to the bottom. Since algae were not harvested the
remaining algae in the wastewater contributed to high suspended solids, organic matter and
turbidity (Table 1 and 5).

Nitrogen removal

A high removal of nitrogen, mainly present as ammonia and organic nitrogen was observed in
all pond systems. In the anaerobic pond the concentration of organic nitrogen decreased, while
the ammonia-nitrogen concentration increased (Table 1), suggesting that organic nitrogen was
converted into ammonia. The ammonia concentrations gradually decreased from pond 1 to pond
4. The concentrations of nitrites and nitrates in all the ponds were low. Since anaerobic
conditions were observed in the sediments, nitrates and nitrites could have been lost as N,
through denitrification. The macrophytes could have also rapidly assimilated nitrites and nitrates
when produced. Another reason could be due to the direct uptake of ammonia by both
macrophytes and algae. Some studies on nitrogen removal in waste stabilization ponds have
reported that about 30% of the total nitrogen load was assimilated by duckweed (Zimmo, 2003).
In the algal ponds, where the removal of ammonia was higher than in the macrophyte ponds,
ammonia volatilisation could be another mechanism, especially at high pH. The highest pH (10)
in the algal ponds was observed in the last pond. Denitrification in addition to plant uptake and
volatilisation can also occur in the all the pond systems and reduce the concentration of nitrogen
in wastewater treatment systems.

Phosphorous removal

The phosphorous concentrations in the final effluents did not meet the Ghanaian EPA
guidelines. The low removal of phosphorus in these studies (Table 5) showed that macrophytes
used for wastewater treatment may not be able to adequately remove total phosphorous.
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In the aquatic environment, phosphorous is normally removed by the following mechanisms:
plant uptake, adsorption by clay particles and organic matter, chemical precipitation with Ca*",
Fe**, AP’" and microbial uptake (Igbal, 1999). Heavy metal concentrations in the wastewater
used were generally low (Awuah et al., 2002a) and therefore could not be a reason for the
phosphorous removal. The removal of total phosphorous observed in this study is likely due to
settling of phosphorous associated with solids present and direct uptake. Kansiime and
Nalubega (1999) who made an estimation of phosphate uptake by macrophytes in Nakivubo
swamp in Uganda reported that phosphorous removal in papyrus wetlands was due to
macrophyte uptake and subsequent harvesting. Ultimate P-removal is only possible by plant
harvesting (as was the case in duckweed and water lettuce ponds). Algae are also sequesters of
phosphorous as phosphates, in fresh water systems (Gaiser et al., 2004) and phosphorous could
be removed by sedimentation in algal ponds. Mara and Pearson (1986) reported that
sedimentation of organic phosphorous, as macrophyte and algal biomass, was an important
mechanism for phosphorous removal. However, during decay, phosphorous may be released
back into the water medium as phosphate. The low removal of phosphorous observed in algal
ponds may be due to re-suspension of phosphorus in the algal biomass at high pH and DO
(Mara and Pearson, 1986).

The removal of faecal bacteria and their profiles in macrophyte and algal ponds

The removal of faecal coliforms using medium strength sewage is contrary to what we reported
in low strength sewage (Awuah et al., 2004a), where the removal of faecal coliforms in algal
ponds was significantly different from the removal in macrophyte ponds. The increase in faecal
bacteria numbers recorded on chromocult agar could be due to its ability to activate damaged
bacteria (Byamukama et al., 2000). The chromocult agar is able to differentiate four different
groups of faecal bacteria and it holds a promising future for faecal bacteria enumeration. Its use
may also result in reported cases of higher faecal bacteria populations than in earlier works
(Metcalf and Eddy, 1991; Awuah et al., 1996; 2003; 2004a). The removal of faecal bacteria in
the macrophyte ponds was comparable to that of algal ponds in terms of E. coli, other coliforms
and enterococci in the one-year monitoring phase. Earlier comparative performance studies
using enterococci as indicators also showed that there were no differences between macrophyte
and algal ponds (Awuah et al., 2001; 2002b).

During the intensive measurements study, faecal coliform removal in the first three ponds was
almost the same. It appeared that faecal bacteria removal was dependent on retention time. The
environmental conditions in the macrophyte ponds showed the absence of turbulence recorded
in low turbidity readings (Table 8), which support the occurrence of sedimentation. Earlier work
by Awuah et al., (2004a) in a low strength sewage performance study showed that >99% of the
faecal coliforms were found in the sediment. In the algal ponds, the alkaline pH (8-10) and the
fluctuating pH (from 7 to 9) (Table 4) might have contributed to the removal of faecal bacteria.
E.coli is susceptible to high pH (10-11) and fluctuating pH (7-9) (Awuah et al., 2003: Parhad
and Rao, 1974: Awuah et al., 2004). Macrophytes and algae may also provide surface areas for
attachment and in that way contribute to faecal bacteria removal.). In the algal ponds high
amounts of faecal bacteria could get attached to algae and attachment of faecal bacteria to algae
could be important. This is because these faecal bacteria would then be close to the site of
generation of harsh environmental conditions such as high pH and DO for the maximum impact
to be felt.

In papyrus wetland, which is similar to macrophyte ponds, sedimentation (Kansiime and van
Bruggen, 2001) attachment to surfaces (Spira et al., 1981), filtration (Gersberg, et al., 1987),
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predation (Stott et al., 2001) and natural die-off (Oron et al., 1987) have been shown to be
responsible for faecal bacteria removal.

Growth yields in water lettuce and duckweed ponds

The growth yield of the macrophytes used in this study is several times higher than that of other
agricultural crops (Oron et al., 1987; Reddy and Debusk, 1984). The growth yields obtained in
our study (Figure 5) is about ten times higher than maize growth yield per hectare per year in
the tropics (FSAU/SCF, 2000). The high productivity in the water lettuce ponds is due to the
high nutrient levels present in the wastewater. The high growth yields in duckweeds may be
attributed by high nutrients present in the wastewater and their ability to absorb nutrients by
their fronds, which are constantly in contact with the wastewater (Oron et al., 1987). High
productivity of these macrophytes is essential for commercial purposes. Water lettuce is used as
a fodder for pigs and as herbal preparations for asthmatic patients and for cure of skin diseases
in Ghana. Duckweed has no current use in Ghana, but some chickens have been seen eating the
fronds in Ghana. However, the chickens preferred worms and maize to the duckweed fronds
(Mr. Ofori Donkor personal communication). The duckweed alone therefore cannot be used as
poultry feed. It must be mixed with other sources of feed like maize and dried fish. Gijzen and
Khonker, (1997) reported up to 45% protein in duckweed and Sharma and Sridhar (1985)
reported of 25% protein in water lettuce. The protein content in the water lettuce leaves and
duckweed fronds in our study were maximally 22% and 34%, respectively and comparable to
those in groundnuts (30%) and peas (23%) (Breeman, 1998). The protein content in the
duckweed can thus be harnessed and used for poultry as it is been done in Zimbabwe (IWSD
News, 1999). Fish farming is practiced in many parts of the country and duckweed can be used
as a feed for fish as practiced in Bangladesh (Gijzen and Khonker, 1997).

Conclusion

The Macrophyte-based waste stabilization ponds can be used in the treatment of domestic
wastewater with a high efficiency of organic and nitrogen load removal if the pond systems are
well managed. They could be equally capable of removing pathogens as in algal ponds
contrarily to our findings in low sewage strength studies. The removal of phosphorous is poor in
both macrophyte and algal ponds and may require policy statements and legislation to reduce
phosphorous levels in domestic wastewater from source. Conditions created in macrophyte
ponds in this study were not too harsh to cause faecal bacteria die-off. The removal of faecal
coliforms in the macrophyte ponds could be due to sedimentation, natural and die-off due to the
long retention periods. In the algal ponds extreme environmental conditions of high pH and DO
levels could be the major cause of faccal bacteria removal.
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The Role of Attachment in the Removal of Faecal Bacteria from
Macrophyte and Algal Waste Stabilization Ponds

Abstract

Attachment of bacteria occurs readily on most available surfaces. The question addressed in this study is
whether this mechanism plays a role in pathogen removal in macrophyte and algal waste stabilization
ponds. An attempt was made to answer this question in trials on a batch-scale, a bench-scale continuous
flow system in Ghana and by using a pilot-scale continuous flow system in Colombia, South America.
The results showed that faecal bacteria attach to walls of containers holding wastewater, water lettuce
roots and leaves, duckweed fronds and algac. When the die-off rates and mass balance of faecal bacteria
on various surfaces in batch-scale incubations were studied, die-off was observed immediately after
attachment. Higher die-off was observed in surfaces in the algal ponds. Most of the viable bacteria were
found attached to water lettuce roots and to suspended algae. Harvesting of macrophytes removed <1% of
viable faecal bacteria in continuous flow ponds in Ghana and in Colombia. In comparison to percentage
of faecal bacteria attachment to surfaces with total viable bacteria numbers, attachment was substantially
found to contribute to faecal bacteria removal. Attachment and subsequent settling of suspended solids
contributes to prolonged retention of faecal bacteria in stabilization ponds, and as such provides the
conditions for die-off.

Key words: Attachment; water lettuce; duckweed; algae; faccal bacteria; wastewater

Introduction

Throughout Africa, the chronic shortage of water has had grave consequences for the
inhabitants of the continent. Despite the commendable activities of many governmental and
non-governmental agencies, millions of people continue to suffer as the meagre water supplies
dwindle and become increasingly polluted. The situation in Ghana as in most developing
countries is quite serious since the country is faced with a rapidly growing population
accompanied by an increased demand for water supply and sanitation facilities. This has
heightened the need to optimise the utilisation of available water resources including the
treatment and re-use of wastewater. The current national water supply and sanitation coverage
figures show that only 41% of the people have access to potable water and 29% to sanitation
(Mime Consult, 2004). This has resulted in untreated domestic wastewater being dumped into
the environment untreated. In addition, the end of pipe treatment systems currently in place,
which are considered safe sanitation systems, may not produce the desired results to safeguard
the environment and public health. Awuah et al., (2002) reported that almost all the wastewater
treatment plants in Ghana have broken down and farmers use the raw wastewater for vegetable
crop production without treatment. Some farmers also use waste stabilization ponds, which are
not functioning properly, as fishponds. These practices pose health risks to consumers. If the
wastewater is to be re-used then it must be treated. The use of macrophytes in wastewater
treatment is gaining recognition on the continent because it allows for resource recovery from
the use of macrophyte as animal feed and for aquaculture (Nhapi et al., 2003). This practice
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could provide an incentive for operating domestic wastewater treatment systems. However, if
these systems are going to be used in developing countries then their pathogen removal
efficiencies should be optimised to reduce enteric diseases, which are plaguing the continent. In
addition, if the macrophytes are to be used for animal feed and aquaculture, then the amount of
pathogens attached to the macrophytes should be known and preventive measures put in place
for health reasons.

The extent of pathogens attachment to macrophytes and to algae and the contribution to the
removal of pathogens in waste stabilization ponds is not well known. The contribution of this
mechanism to pathogen removal needs to be investigated for improvement in engineering
designs and operation and maintenance practices of macrophyte ponds.

In macrophyte ponds the roots that are submerged will be the obvious sites for attachment by
bacteria. The pathogen removal in waste stabilization ponds may include attachment of
microorganisms to surface of macrophytes and algae as well as on the inner walls of the
receptacles (containers or ponds) of the wastewater and suspended materials.

Studies conducted on attachment in pathogen removal in waste stabilization ponds and
wetlands, focused on macrophytes because of the visible nature of their structure (Spira et al.,
1981; Kansiime and Nabulega, 1999). Algae being microscopic have not been considered as
providing surface areas for attachment. In spite of several studies conducted in stabilization
ponds (Pearson et al., 1987; Curtis et al., 1992; 1994; Pearson et al., 1996; Davies-Colley €t al.,
1999), the role of attachment as a pathogen removal mechanism using macrophytes and algae
has not been adequately addressed.

The aim of this study is to determine the role attachment plays in faecal bacteria removal in
macrophyte and algal ponds and more specifically on:

1. The die-off rates of faecal bacteria in the presence and absence of macrophytes under
batch-scale incubations;

2. The die-off rates and mass balance of faecal bacteria on various surfaces in batch-scale
incubations and

3. The removal of faecal bacteria by attachment to harvested macrophytes in continuous
flow treatment systems.

Materials and Methods

Batch-scale experiments

Theremoval of faecal bacteria in the presence and absence of macrophytes

Batch incubations studies were conducted to determine the removal rates of faecal bacteria in
water lettuce (Pistia stratiotes), duckweed (Lemna paucicostata) and algal (seeded with algae
and by natural colonization in raw wastewater) treatment systems. Each set up, except the
seeded raw wastewater had six replicates. Three containers of the six replicates were kept in
sunlight and the other three were kept in the dark. Domestic wastewater was obtained from the
Kwame Nkrumah University of Science and Technology (KNUST) Kumasi, Ghana, domestic
wastewater treatment plant. After thorough mixing to ensure an even distribution of bacteria,
800mL of sample was collected into 1L-plastic containers. The water lettuce-based system was
mounted by using one water lettuce plant weighing 30g approximately with an average of 20
roots and large enough to cover the surface of the containers provided. The duckweed-based
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system was set up by adding 7g fresh weight duckweed fronds to cover the surface (78.5¢cm?) of
plastic containers provided. The raw wastewater seeded with 20mL of water from an algal pond
was also added. All sides of the containers were wrapped in aluminium foil to block sunlight
penetration. The number of faecal bacteria suspended in the wastewater was measured every
other day for 8 days at 8 GMT. The pH measurements were done with electronic meters (LF
323 — B/ SET 2, WTW - Germany). Faecal bacteria determinations were done using
MacConkey broth after incubation at 44.5°C for 24hrs with the Most Probable Number (MPN)
technique. Green metallic sheen colonies were confirmed as faecal bacteria (Greenberg et al.,
1992).

Die-off and mass balance of faecal bacteria under batch-scale conditions

The die-off and mass balance of faecal bacteria attached to various parts of 1-L (Diameter of
l1cm and of height 13cm) containers was carried out to determine the contribution each part
exposed to the wastewater played in faecal bacteria removal. The number of faecal bacteria
attached to various surfaces was carried out for duration of about one week. Faecal bacteria
levels in suspension, attachment on the walls (surface area in contact with wastewater
440.7cm2), sediments and on the roots and leaves of water lettuce and duckweed fronds (Lemna
paucicostata) submerged in the wastewater were monitored every other day for 8 days under
ambient conditions.

Faecal bacteria determinations were done using MacConkey broth after incubation at 44.5°C for
24hrs with the Most Probable Number (MPN) technique. Green metallic sheen colonies were
confirmed as faecal bacteria (Greenberg et al., 1992). All faecal bacteria removal rates were
calculated based on Chick’s law. The percentage distributions of viable faecal bacteria on the
various surfaces were also measured.

Wastewater characteristics
Characteristics of wastewaters used are presented in Table 1.

Table 1 Domestic wastewater characteristics

Parameter Range
Kumasi (Ghana) Ginebra (Colombia)
Temperature (°C) 28-30 17-25
pH 6.8-8.8 7.0-72
DO (mg/L) 0-0.1 0.0-1.6
TDS (mg/L) 988-1112 742-938
TSS (mg/L) 112-140 12-225
BOD (mg/L) 260-320 284-360
COD (mg/L) 648-880 412-585
NH4-N (mg/L) 32.4-48.8 19-52
NO,-N (mg/L) 0.18-0.24 0-0.1
NO;-N (mg/L) 2.6-2.9 0.0
Total phosphorous (mg/L) 3.2-5.0 4.3-9.4
Faecal bacteria (No/100mL) 2.1x 10%- 3.7x10° 2.4x10-1.8x107

Continuous flow systems

The experiment in the continuous flow system was carried out on bench and pilot scales in
Ghana and Colombia respectively.
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Bench-scale studies in Ghana

The number of faecal bacteria attached to water lettuce (Pistia stratiotes) and duckweed
(Spirodela polyhriza) in a bench-scale continuous flow system in Ghana was measured by
taking at random plants from each of the pond in series (Figure 1) during harvesting. The
system consisted of 3 parallel treatment lines of 4 ponds each, involving the use of water lettuce
(Pidtia stratiotes), duckweed (Spirodela polyrhiza) and algae (natural colonization). A flow rate
of 0.01m*/day was maintained in each treatment system. Each pond had a depth of 0.63m and
surface area of 0.145m” and hydraulic retention period of 7 days. Wastewater was collected at
the influent grit chamber of KNUST wastewater treatment plant at 7 GMT daily and put into the
anaerobic pond, which fed into the 3 pond systems, by gravity in a continuous flow (Figure 1).
The water lettuce ponds were maintained by harvesting once every week. Duckweed ponds
were harvested twice in a week.

Faecal bacteria attachment on water lettuce the roots were isolated by cutting roots from the
main plant. The leaves were equally removed and faecal bacteria attachment on each part
measured. All experiments were done in triplicates. The faecal bacteria populations attached to
the macrophytes were determined using chromocult agar (Byamukama et al., 2000) after
grinding the plant biomass in a sterilized mortar. The percentage of faecal bacteria removed
during harvesting by attachment was calculated based on macrophytes harvested in a week. The
number of faecal bacteria attached to the various plants parts in the different ponds in series was
almost the same whenever readings were taken. The ponds had actually stabilized and
equilibrium had been reached. This study was just to measure the amount of viable faecal
bacteria that was removed during harvesting of the macrophytes. The number of faecal bacteria
removed by attachment on harvested macrophytes was measured in percentages.

Water lettuce ponds

Pondl [ Pond2 [ Pond3 [ Pond4

Algal ponds
Raw
Anaerobic
Wastewater » Pond » Pondl % Pond2 ¥ Pond3 ¥ Pond4 [
Duckweed ponds

Pondl ¥ Pond2 ¥ Pond3 [ Pond4 +—

Effluent

Figure 1 Schematic diagram of bench-scale macrophyte and algal waste stabilization ponds

in Ghana

Pilot-scale
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Pilot-scale experiments were conducted in Ginebra (Colombia, South America). A continuous
flow system comprising of duckweed (Spirodela polyrhiza) and algal ponds was operated in
parallel and received UASB pre-treated domestic wastewater from Ginebra Town (9000
inhabitants). A third pond also in parallel with the two other ponds was duckweed-based, but
received raw wastewater without pre-treatment (Figure 2). Each pond was 64m in length and
0.7m in depth with a width of 4.95m for algal ponds and 5.2m for duckweed ponds. The L/W
ratio was 12.9 for algal ponds and 12.3 for duckweed ponds. A flow rate of 16.6m’/day was
maintained in each pond. The theoretical retention period was 13.5 days. Beginning from the
point of influent discharge, the ponds were marginally divided into three sections (A, B and C)
with bamboo sticks on the surface to prevent the duckweed fronds from drifting (Figure 2). The
study focused on faecal bacteria attachment in the two duckweed ponds. Duckweed coverage
density of 600g/m’ was maintained in both duckweed ponds and harvested twice in a week.
Weekly harvested duckweed was weighed to determine the biomass yield per week in the
duckweed ponds. Using the number of influent faecal bacteria discharged in a week and the
number of viable faecal bacteria removed by attachment on the harvested macrophytes, the
percentage of viable faecal bacteria removed by attachment on the harvested duckweeds was
calculated. Faecal bacteria were determined by the Membrane Filtration technique in Membrane
Lauryl Sulphate broth and incubated at 44.5°C for 24hrs (Greenberg et al., 1992).

UASB pre- 1 ‘
treated P . > Duckweed Pond > Effluent
domestic » f f
wastewater Algae Pond > Effluent
Raw 1 :
wastewater > D » | Duckweed Pond | » Effluent
Section A Section B Section C
(0 -22m) (22-43m) (43-64m)
< 64m >

Figure 2 Schematic diagram of duckweed and algal ponds in a continuous flow system on a
pilot scale in Ginebra Colombia

Results

Batch scale studies

Theremoval of faecal bacteria in the presence and absence of macrophytes

Algal colonisation was visible just after 3days of exposure of raw wastewater to sunlight. The
removal rates of faecal bacteria in treatments under sunlight were higher than treatments under
darkness.

Water lettuce had the lowest removal rates and the values were similar to those of raw
wastewater under dark conditions. Faecal bacteria removal rates in the water lettuce containers
exposed to sunlight were similar to those of algal-based treatment systems and raw wastewater
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with no differences. The removal rates in the algal treatment systems under sunlight exposures
were higher than the others (Table 2).

Table 2 pH and faecal bacteria removal rates in macrophyte and algal ponds

Treatment system pH k (d")

Water lettuce in sunlight 6.7+0.3 2.4+0.9

Water lettuce in darkness 7.3+0.3 1.8+0.6

Algae seeded raw wastewater in sunlight 9.5+£0.7 3.0£1.2
Raw wastewater in sunlight (Control) 9.3+1.0 2.8+1.1
Raw wastewater in darkness (Control) 7.3+1.0 2.0+0.2

Die-off and mass balance of faecal bacteria attachment under batch-scale conditions

It was observed that attachment of faecal bacteria occurred on all surfaces provided and
continued to increase until the second day when decline in bacteria numbers were observed.
Faecal bacteria attachments on the walls/cm” of wastewater containers with different plants
were not significantly different on the 2™ and 4™ day. Significant differences (p<0.05) were
observed on the 6™ and 8" day between different treatments with the algal treatment system
having the least faecal bacteria numbers/ cm” (Figure 3).
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—e— Water lettuce —®— Duckweed —&— Algae

Figure 3 Attachment and removal of faecal bacteria to/from walls of macrophyte and algal
ponds
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The decline rates of faecal bacteria in suspension also followed a similar trend (Figure 4).
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Figure 4 Removal rates of faecal bacteria in macrophyte and algal waste stabilization ponds
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In comparison to the different treatments, the highest removal rate was observed in the
suspension of the algae seeded treatment system (Table 3). The faecal bacteria removal rates
were also higher in the algal treatment systems than macrophytes treatment systems (Table 3).
Sediment die-off rates were highest in comparison with all other parts measured in all
treatments. Within the water lettuce pond, the removal rate of faccal bacteria was highest on the

leaves. Faecal bacteria removal rates on the walls of water lettuce containers were the lowest.

Table 3 Removal /die-off rates of faecal bacteria in various locations of macrophyte and algal

ponds
Location Pond system k(@
Water lettuce 2.1+0.6
Wall Raw wastewater seeded with algae 3.6+0.8
Water lettuce 3.7+0.1
Sediment Raw wastewater seeded with algae 4.3+0.1
Water lettuce 2.440.2
Water lettuce leaves 3.4+0.0
Water lettuce roots 2.3+0.4
Suspension Raw wastewater seeded with algae 4.3£1.8

Mass balance of faecal bacteria in various locations of macrophyte and algal ponds
The amount of faecal bacteria attached to the various locations was calculated as follows:
Aroots + Awalls + Asediment + Asuspension +DB=1C

Where:

A os = amount attached to the water lettuce roots
A..ns = amount attached to the walls of the container
Aediment = amount attached to the sediments
Aguspension = amount that remained in suspension

DB = unaccounted for due to death of faecal bacteria
IC =Initial concentration of viable bacteria (100%)
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Table 4 Total numbers of viable faecal bacteria in various locations in water lettuce containers

Initial concentration of faccal coliforms in suspension in 800mL: 3.7x10™ +1.2x10™
Wall of
Day Leaves Roots container Sediment Suspension Die-off fraction
1 0 0 0 0 3.7 x10"2 0
2 4.8 x10° 5.7 x10" 1.3x10™ 7.2 x10° 42 x10" 3.6 x10"
4 6.6 x10° 4.0x10° 1.4 x10° 7.2x107 3.3x10° 3.7 x10"
6 3.5x10" 2.4x107 5.7 x10° 45 x10° 2.9 x10° 3.7 x107
8 3.9x10° 45x10% 4.8x10° 24 1.7 x10° 3.7 x10"2

In the water lettuce ponds most of the viable faecal bacteria were attached to the roots on the
2" 4th and 6™ days. Most of the viable faccal bacteria were found in the suspension on the last
day. Attachment of viable faecal bacteria in the sediments and on the roots and the walls of the
container were low on the last day (Table 5). Log removal of faecal bacteria ranged from 3 on
the leaves to 8 on the roots.

Table 5 Percentages of viable faecal bacteria in various locations in water lettuce containers

Suspension
Day Leaves (%) Roots (%) Wall of container (%) | Sediment (%) (%)
1 0 0 0 0 100
2 0.0 50.6 11.5 0.6 373
4 0.0 88.1 3.1 1.6 7.3
6 0.1 73.4 17.4 0.1 8.9
8 22 0.3 2.7 0.0 94.9

In the algal ponds, the situation was not too different as high die-off of faecal bacteria occurred
on all surfaces in the containers after attachment. The log removal ranged from 10 in the
suspension to 7 on the walls (Table 6).

Table 6 Total numbers of faecal bacteria in various locations of algal ponds

Initial concentration of faecal bacteria in suspension in 800mL: 3.7x1012+1.2x10"
Day Wall Sediment Suspension Die-off fraction
1 0 0 3.7x10" 0
2 4.5x10° 3.3x10° 3.7x10" 3.7x10"
4 9.0x10’ 9.0x10° 4.5x107 3.7x10"
6 1.3x10° 2.3x10° 4.5x10* 3.7x10"
8 23 13 1.6x10° 3.7x10"

Most of the viable faecal bacteria were found in the suspension (Table 7). Most of the faecal
bacteria were found in suspension on the 8" day (Table 6) but the levels were lower than that of
the water lettuce ponds (Table 4-7).
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Table 7 Percentages of viable faecal bacteria in various locations of algal ponds

Day Wall (%) Sediment (%) Suspension (%)
1 0 0 100
2 1.1 8.1 90.8
4 66.2 0.7 33.1
6 2.8 0.5 96.7
8 11.7 4.7 81.6

Attachment in continuous flow systems

Bench-scale studies

The number of faecal bacteria in the ponds decreased in suspension along the series of ponds
and likewise the number of faecal bacteria attached to macrophytes (Figure 5 and 6
respectively).
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Figure 5 Faecal bacteria profile in bench-scale continuous flow macrophyte and algal ponds in
Ghana

The number of faecal bacteria attached to the water lettuce plants was more than the number
attached to the duckweed fronds per gram of fresh weight. The surface area available for
attachment in the water lettuce ponds was much higher than that of the duckweed. The number
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of faecal bacteria removed through harvesting of the water lettuce and duckweed plants by
attachment was less than 1% (Table 8).

Faecal bacteria/g freshweight of plant biomas
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Figure 6 The number of faecal bacteria attached to macrophytes in a series of ponds in a bench-
scale continuous flow system under equilibrium conditions in Ghana

Table 8 Faecal bacteria removal on harvested macrophytes in bench-scale continuous flow
ponds in Ghana.

Water lettuce

Faecal bacteria number inflow per week: 9.7x10"°+2.3x10™

Harvested biomass

Faecal bacteria removed weekly

Treatment system (g/week) by attachment through harvesting
Pond 1 542469 1.5 x107
Pond 2 562+69 7.9x 10°
Pond 3 381442 5.2x10"
Pond 4 193+32 5.9 x10"

Faecal bacteria removed by attachment to harvested water lettuce plants

(%)/week: <1%

Duckweed treatment

Faecal bacteria number inflow per week: 9.7x10"+2.3x10"

Harvested biomass

Faecal bacteria removed weekly

system (g/week) on harvested plant biomass
Pond 1 71455 8.4 x10°
Pond 2 15157 7.9x 10*
Pond 3 145433 4.7 x10*
Pond 4 110+43 45 x10°

Faecal bacteria removed by attachment to duckweed fronds harvested

(%)/week: < 1%
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Pilot-scale studies

More faecal bacteria populations were found in the duckweed pond without treatment than the
duckweed pond with the pre UASB treatment. Generally the last section C had the least faecal
bacteria population at all depths in both treatment systems. For the surface portion where
effluent discharge point was located the faecal bacteria population did not follow any trend
(Figure 7). This suggests that series of ponds could be better treatment systems than single
ponds.

LE+09 Faecal bacterial vertical profiles of duckweed Faecal bacteria vertical profile of Pond
' pond(with UASB pre-treatment) 1.E+09 - (with no pre-treatment)
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Figure 7 Faecal bacteria profile of duckweed ponds in Ginebra, Colombia

The number of faecal bacteria attachment in a single large pond in the Ginebra ponds did not
follow any particular trend (Figure 8). More faecal bacteria were attached to duckweed in the
non-UASB pre-treated pond than in the UASB pre-treated pond. The highest number of faecal
bacteria attached to duckweed in the non-UASB pre-treated pond occurred in section C at the
extreme end of the pond. In the UASB pre-treated pond the highest attachment of faecal bacteria
to duckweed occurred in the middle section B but was not significantly different (p<0.05) from
the non-UASB pre-treated influent receiving pond. In sections A and C however, the results of
the two treatments were significantly different (p<0.05) (Figure 8).
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Figure 8 Attachment of faecal bacteria to duckweed fronds at various sections in UASB pre-
treated and non pre-treated influent receiving duckweed ponds.

The amount of duckweed harvested in the UASB pre-treated influent receiving pond was higher
than that of the non pre-treated influent receiving pond (Table 10). However, the contribution of
faecal bacteria removal by attachment through harvesting was very low in both pond systems,
i.e. less than 1% (Table 10).

Table 10 Faecal bacteria removal on harvested macrophytes in pilot-scale ponds in Ginebra,

Colombia
Faecal bacteria number inflow per week: 3.5x10"+6.7x10"
Duckweed ponds Harvested biomass Faecal bacteria removed weekly
(Non pre-treatment) (kg/week) on harvested plant biomass
Section A 56.0+13.4 2.8x10’
Section B 59.3+10.6 5.9 x107
Section C 57.1£23.7 4.6 x10°
Faecal bacteria removed by attachment through harvesting /week: <
1%
Faecal bacteria number inflow per week:
1.3 x10"+2.3x10"
Duckweed ponds (UASB Harvested biomass Faecal bacteria removed weekly
pre-treated) (kg/week) on harvested plant biomass
Section A 73.5+20.6 3.7x10°
Section B 86.8+28.6 3.5x10’
Section C 104.8+41.3 2.1x10°
Faecal bacteria removed by attachment through harvesting (%)/week:
<1%
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Discussion

Batch scale experiments

Removal of faecal bacteria in the presence and absence of macrophytes

Pathogen removal in macrophyte ponds has been attributed to attachment to vegetative roots
(Kadlec and Hammer, 1982, Gersberg, et al., 1987) and plant surfaces (Brix and Schierup,
1989). Other reports indicate that macrophyte ponds are more efficient in the removal of
pathogens than algal pond systems (Mandi et al., 1993; Garcia et al., 1997). Our present study
showed that in the presence of macrophytes the faecal bacteria removal rate is less than those in
algal ponds though not significantly. Large surface area available in the algal ponds as well as
high pH may be contributing factors operating in the algal systems to promote die-off.

Die-off and mass balance of faecal bacteria attachment under batch-scale conditions

The results of these studies showed that die-off occurs after faecal bacteria attachment to
various surfaces. The fact that attachment of bacteria occurs on any available surface, both
animate and inanimate objects was confirmed in this present study. Fletcher, (1996) reported
that microbial cells attach firmly to almost any submerged surface in an aquatic environment.
All root systems possess an anchorage for microorganisms around their thin film surfaces or
rhizospheres (Kadlec and Hammer, 1982; Gersberg et al., 1987).

The high faecal bacteria die-offs observed in the sediments (Table 4) also showed that when
bacteria fall to the bottom they would probably die faster than when in suspension. The bottom
layer tends to have high protozoan numbers, which could feed on the faecal bacteria Awuah et
al., unpublished. After attachment and sedimentation, die-off begins and this contributed to the
high faecal bacteria removal. The high numbers of faecal bacteria considered dead increased
with time (Figure 3) showing that long retention periods are important contributing factors in
faecal bacteria removal if conditions are unfavourable. In comparison to percentage of faecal
bacteria attachment to surfaces with total viable bacteria numbers, attachment was substantially
found to contribute to faecal bacteria removal. The die-off after attachment may be the reason
for high faecal bacteria in macrophyte pond observed in chapter 7 of this thesis. The high
removal rates of faecal bacteria observed in the algal colonised ponds could be due to high pH
and DO fluctuations created in the algal ponds (Awuah et al., 2001; 2004a; 2004b). The high
pH could have had detrimental effect on the bacteria attached to the walls, sediments and in the
suspension of the algal ponds thus, making the faecal bacteria removal faster at all locations in
the algal ponds than those in the macrophyte ponds, which had neutral conditions. The algal
system having high suspended solids provided a large surface area for attachment and coupled
with the harsh environmental conditions had a higher die-off rate at all surfaces than
macrophyte ponds. Attachment may thus be a very important mechanism in pathogen removal
in algal ponds and must be investigated further. In the macrophyte pond where there were no
suspended solids for attachment in the suspension phase high population of faecal bacteria
remained in suspension even on the last day. Curtis et al., (1992; 1994) claims that pH and DO
are the sole mechanisms for faecal may not be completely true since attachment of the faecal
bacteria may be of equal importance.

The suspended materials present in domestic wastewater have been proven as sites for faecal
bacteria attachment (Fletcher, 1996; Kansiime and Nalubega, 1999; Donlan, 2002). Using the
same concentration of faecal bacteria in the wastewater, the amount of faecal bacteria attached
per gram was higher in the water lettuce ponds (Figure 4) than in the duckweed ponds. Water
lettuce has more roots and root hairs, providing a much larger surface area for attachment than
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the duckweed, which had only two to three small roots per frond. When initial faecal bacteria
concentrations were high, the amount of faecal bacteria attachment was also high.

Faecal bacteria attachment in continuous flow systems

In the bench-scale continuous flow systems, where the concentration of faecal bacteria was
highest, a lot of detritus attachment was seen on the roots and they also had higher attachment of
faecal bacteria on the macrophytes than the subsequent ponds (Figure 5). In the pilot-scale
experiments, high faecal bacteria attachment was observed in the non-UASB pre-treated
influent receiving pond than the UASB pre-treated ponds, which had lower faecal bacteria
concentrations (Figure 8 and Table 10). The abundance of detritus in the water column
increased the surface area for attachment of microorganisms (De Young, 1976; Dewedar and
Beghat, 1995).

The removal of faecal bacteria by attachment through harvesting in the continuous flow
experiments showed harvesting of macrophytes removes only a small percentage by attachment.
This is because the treatment systems were already in equilibrium and die-off after attachment
had taken place as illustrated in the batch-scale incubation studies. Bacteria die-off after
attachment could not be measured. However; batch scale incubation studies have shown that
die-off occurs after attachment and thus the more surface area available the more die-off that
could occur to enhance pathogen removal. The number of faecal bacteria attachment in a single
large pond in Ginebra, Colombia did not follow any particular trend. For aquaculture purposes
and biomass resource recovery, ponds should be designed in series to ensure that the number of
faecal bacteria attached to macrophytes is reduced at least in the last series of ponds as observed
in the bench-scale continuous flow systems in Ghana.

The results of these batch and continuous flow systems experiments confirm several studies
which also found microbial attachment to the roots of plants and to the suspended particles
(Hughes and Rose (1971; Droopo and Ongley, 1974; Droopo and Jannasch, 1980; Klug and
Reddy, 1984; Kansiime, and van Bruggen, 2001). Batch scale studies have also confirmed the
importance of attachment in pathogen removal as stipulated by Gersberg et al., (1978), Kadlec
and Hammer, (1982); Ouazzani et al., (1995) and Garcia et al., (1997).

Algae can remain suspended in the wastewater and the removal of pathogens by attachment can
occur when the algae with attached bacteria sink to the bottom because of increase in weight.
Also, if the algae exert harsh conditions to the attached bacteria while they are in suspension,
removal of bacteria can take place. The contribution of attachment to algae to faecal bacteria
removal has not been investigated well enough (Fisher et al., 1998) and more research needs to
be done.

Conclusion

It may be deduced from these studies that faecal bacteria attach themselves to roots and leaf
surfaces of water lettuce and duckweed fronts, suspended materials and other available surfaces
in macrophyte and algal ponds. The attachment of faecal bacteria to macrophytes and other
surfaces in macrophyte ponds may play a significant role for faecal bacteria removal through
die-off. Large surface area availability may increase faecal bacteria attachment and
subsequently increase the rate of its removal if conditions at attachment sites are unfavourable.
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Under such conditions, long retention periods could be important in pathogen removal in both
macrophyte and algal ponds.
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Effect of Protozoa on Faecal Bacteria Removal in Macrophyte and
Algal Waste Stabilization Ponds

Abstract

Protozoa populations and the types of microbiota were determined at various depths (0.1m, 0.35m and
0.63m) in macrophyte and algal ponds receiving medium strength sewage. The set up consisted of 3 pond
systems comprising water lettuce, duckweed and algal ponds operating in parallel. Each system consisted
of four ponds operating in series with a hydraulic retention time of 7 days per pond. The effect of
protozoa on the removal of faecal bacteria was determined through the elimination of protozoa by
filtering wastewater from the second pond of each treatment system. In the water lettuce and duckweed
ponds, protozoa were concentrated in the sediments. In the algal ponds protozoa were mostly found in the
sediments and on the surface. The following protozoa were common in all the ponds: Bodo, Vahlkampfia.
Other biota like copepods, mites and nematodes were also found in the 3 pond systems. The protozoan
Petalomonas and Chironomus insect larvae were found only in the water lettuce and duckweed ponds.
Vorticella and other unidentified ciliates were unique to the algal ponds. The algal ponds had the highest
number of species diversity and the highest number of protozoa, followed by water lettuce and duckweed.
The algal ponds were dominated by Euglena. Other algae such as Chlorella, Chlorococcum, Phacus,
Ulothrix, and some diatoms were also found but in small quantities. When floating algae covered the
ponds, Spirogyra and some coenocytic algae in strands dominated the algal community. The presence of
protozoa on the removal of faecal bacteria was found to have a significant effect in the removal of E. coli
and Salmonella (p<0.05) in water lettuce pond system. In the duckweed and algal pond systems there was
no difference between faecal bacteria removal in the presence and absence of protozoa. Predation by
protozoa on faecal bacteria may be important in water lettuce ponds.

Keywords: Waste stabilization ponds, water lettuce; duckweed; algae; predation; protozoa,
faecal bacteria

Introduction

Waste stabilization ponds (WSP), often referred to as oxidation ponds or lagoons, are holding
basins used for wastewater treatment where decomposition of organic matter is processed
naturally. The activity in WSP is a complex process involving bacteria, protozoa, algae, other
microbes and metazoans, to stabilize the wastewater and to reduce pathogen populations. In the
tropics where enteric diseases are common (Awuah et al., 2002) the removal of pathogens is of
much importance. The natural processes involved in pathogen removal in algal ponds, such as
UV light, sunlight induced factors such as high pH and DO, have been studied in detail by
several authors (Curtis et al., 1992; Davies-Colley et al., 1994; 1999) and have been found to be
effective in pathogen removal. In macrophyte ponds these mechanisms are largely absent due to
the shading provided by the macrophyte cover on the surface. Attachment to plant surfaces and
predation of pathogens by protozoa are potential natural mechanisms, which could prevail in
macrophyte ponds. Theoretically high pH and DO could play a role, because photosynthesis is
still taking place, but previous studies have shown that these factors do no play an important
role in macrophyte-based ponds (Awuah et al., 2004). Predation of bacteria by protozoa has not
been studied in detail in waste stabilization ponds, but this could provide an important
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mechanism for pathogen removal. Protozoa have been found to be effective in the removal of
Escherichia coli (Curds and Fey, 1969). Other protozoa have been observed to feed on faecal
coliforms, diphtherial, choleral, typhal and streptococcal bacteria (Enzinger and Cooper 1976;
McCambridge and McMeekin, 1979). It has been reported that protozoa improve the effluent
quality of activated sludge plants, trickling filters and rotating biological contactors (WPCF, 1990).
Sinclair and Alexander (1989) also reported that slow growing bacteria are eliminated due to
intense protozoa predation. Quantitative studies suggest that one Tetrahymena pyriformis cell is
able to digest 500 bacteria per hour, which means that in 24hrs one individual protozoan can
remove about 1.2x10" of bacteria. This suggests that predation alone can remove significant
amounts of bacteria pathogens (Curds and Cockburn, 1968; 1971). In constructed wetlands
predation of Cryptosporidium oocysts by ciliates such as Euplotes patella and Paramecium
caudatumiis reported as a mechanism for pathogen removal (Stott et al., 2001).

The contribution of protozoa grazing on the removal of faecal bacterial in waste stabilization ponds
has not been studied. Macrophyte ponds are now being used in developing countries for resource
recovery, but their ability to remove pathogens and the mechanisms involved is still unknown
(Awuah, 1999). An understanding of the role of bacteria predation by protozoa in the removal of
faecal bacteria in macrophyte and algal pond systems may contribute to improved design and
operation and maintenance practices of waste stabilization ponds for enhanced pathogen removal.
The aim of this study was to determine the role of protozoa in the removal of faecal bacteria in
macrophyte and algal ponds.

Materials and Methods

The experiments were carried out in a pilot-scale continuous flow system comprising of water
lettuce (Pistia stratiotes), duckweed (Spirodela polyrhiza) and algal (natural colonization) pond
systems. An anaerobic pond with two days retention period preceded the set up. Each pond system
consisted of four ponds operating in series and a retention period of 7 days in each pond with a total
retention period of 28days. The flow rate in each treatment system was 0.01m’ /day. The pond
systems were operated in parallel according to the arrangement shown in Figure 1.

Water lettuce ponds were maintained by harvesting once every week and twice a week in the case
of duckweed ponds.

Water lettuce ponds

Pond —» Pond [—» Pond [ Pond

Algal ponds

Raw :

astewater Anaerobic

T > pond » Pond [ Pond [ Pond [ Pond [
Duckweed ponds

Pond % Pond [ Pond [—» Pond [ |
1 2 2 4

Effluent

Figure 1 Schematic diagram of bench-scale macrophyte and algal waste stabilization ponds
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Types of microbiota populations present and protozoan population profiles were studied in the
pond systems. To determine the effect of protozoa on faecal bacteria in the pond systems,
protozoa were removed through filtration of wastewater.

One litre of wastewater was collected from the surface of the 2™ pond of each pond system. Pond 2
was selected because this was the most productive pond in terms of macrophyte and algal growth.
Five hundred ml of the 1L wastewater was filtered through a millipore nylon filter (NY41, pore
size 7um) to remove protozoa and algae. The filtered samples were examined to ensure that there
were no protozoa and algae. The non-filtered samples contained protozoa and all other microbiota
that were present. Non-filtered and filtered samples were divided into 3 equal volumes of 150ml in
3 plastic cups of 200mL capacity for each treatment. The set up was covered with aluminium foil to
prevent the interference of light but loose enough to allow oxygen diffusion into the wastewater.
The faecal bacteria populations were enumerated daily for 5 days using chromocult agar and
incubated at 37°C (Byamukama et al., 2000). E. coli was confirmed in EC medium with acid and
gas production as positive. Coliforms were cultured on Endo agar as metallic sheen colonies.
Salmonella was confirmed as growth in tetrathionate base broth (Greenberg et al., 1992). The
removal rates in the filtered and non-filtered treatments were calculated using Chick’s law.

In determining the protozoa populations and profiles, the number per mL were assessed at the
surface (0.10m), middle portions (0.35m) and at the bottom (0.63m) in each month beginning in
August 2001 to January 2002. A total of S0mL from 10 sampling points at each depth was
collected and mixed by shaking manually. Samples were collected once in a month in the mornings
between 6-8 GMT, counted and identified using a Sedgewick rafter counting chamber (Greenberg
et al., 1992). Identification of protozoa was based on shape, size, morphology, type of motility and
the presence of cilia and flagella in accordance with the guidelines provided by Finlay et al.,
(1988). A major limitation in this study was the fact that only about 50% of the protozoa could be
identified.

Results

Effect of protozoa on faecal bacteria removal

Increase in bacteria numbers occurred in some of the treatments. In the water lettuce treatments
increase occurred in faecal bacteria numbers in the absence of protozoa while decline in faecal
numbers occurred in the non-filtered treatments in presence of protozoa. Differences were
significant (p<0.05) for E. coli and Salmonella. There was no significant difference in die-off
rates between filtered and non-filtered treatments for all faecal bacteria in duckweed and algal
treatment systems and other coliform and other enterobacteria in the water lettuce treatment
system (Table 1).

Table 1 Effect of the presence of protozoa on the removal of faecal bacteria

E. coli Coliforms Salmonella | Enterobacteria

Treatment pond system k(d") k(d") k(d") k(d")
Water lettuce non-filtered 0.2+0.0 1.1+0.1 0. 6+0.3 0.7£0.4
Water lettuce filtered 0.5+0.0* 1.1+0.9* 1.2+0.3* 0.3£1.1*
Duckweed non-filtered 2.8+£2.4 1.2+1.1 0.1+0.0* 0.9+0.3*
Duckweed filtered 2.3+2.1 2.2+1.2% 0.6+0.0* 1.1+£0.8*
Algae non-filtered 0.3+0.0 1.3+0.9 0.3+£1.2 1.3+0.0
Algae filtered 0.5+0.2 1.7£1.4 29+2.4 0.8+0.4*

* Increase in faecal bacteria numbers occurred all others values caused a decline in
faecal bacteria numbers with time
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Description of protozoa and other microscopic biota in the ponds

Several organisms were found in the wastewater treatment systems during the search for
protozoa under the microscope. Protozoa of the genera Bodo and Vahlkampfia and algae of the
genus Euglena were common to all the 3 pond systems. Other microbiota like mites, copepods
and nematodes were also found in the 3 pond systems. The protozoa of the genus Petalomonas,
and Chironomus insect larvae were found only in the water lettuce and duckweed ponds.
Vorticella and other unidentified ciliates species were unique to the algal ponds. The algal
ponds had the highest number of species diversity and the highest number of protozoa, followed
by water lettuce and duckweed. Euglena dominated in all the algal ponds at most times. The
following algae were also found in the algal ponds, although in small quantities: Chlorella,
Chlorococcum, Phacus, Ulothrix, and some diatoms. When floating algae covered the ponds,
Soirogyra and some coenocytic algae were dominant among the algal community (Table 2).

Table 2 Protozoa and other microscopic biota found in macrophyte and algal ponds

Treatment system | Amoebae Ciliates Flagellates Algae Metazoans
Raw sewage - 2,3,4 1,3 - -
Anaerobic pond 2,6,8 2,3,4,7,10 3,4 - 4
Water lettuce ponds
Pond 1 3 2 1,4 1,6 1,4
Pond 2 3,4,5 2 2 6
Pond 3 3,4,5 1,2,6 2 6
Pond 4 - 2,9,10 2 6
Duckweed ponds
Pond 1 - 2 1,3 4,6,8 3
Pond 2 2,7,8 - 1 6 1
Pond 3 3,8 - 1 6 2,3
Pond 4 - 2 1,4 6 1,2,3,4
Algal ponds
Pond 1 1,2,3, 3,6,7,10 1 1,2,4,6,7,8,9 1,3
Pond 2 2,7,8 2,5,8,9 1 1,2,4,5,6,7,8 1,3,4
Pond 3 ,5 2,5,9 1 2,3,4,5,7,8 1
Pond 4 2,3,4 2,4,5 1 1,2,4,6,7,8 1,3,4
Key to Table 2
Amoebae Ciliates Flagellates Algae
1 | (spike-like heliozoan) 1 (striped) 1 Bodo 1 Chlorococcum
2 Vahlkampfia 2 (hopping) 2 Petalomonas 2 Chlorella
3 (oval, large) 3 Paramecium 3 (spiral-shaped ) 3 Chlamydomonas
4 Platymoeba 4 (double fan-shaped) 4 | (larvae-like protozoa) | 4 | strands without cell walls
5 (small) 5 Vorticella 5 diatoms
6 (amoeba) 6 (pear-shaped) Metazoans 6 Euglena
7 Vanella 7 Tetrahymena 1 copepods 7 Phacus
8 (large spherical) 8 (unidentified) 2 Chironomus larvae 8 Sirogyra
9 Sentor type 1 3 mites 9 Ulothrix
10 Sentor type 2 4 nematodes

Protozoa population and profiles

The protozoa populations in the raw sewage were always small in quantity except in October
2001 and December 2001 when spiral shaped protozoa appeared in large quantities. The
numbers declined drastically in January (2002) (Table 3).

A similar situation occurred in the 3 pond systems. Most of the protozoa were small in size
(<20um) and most of the small protozoa were flagellates. The medium sized protozoa (20-
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50um) were mostly ciliates and the large size protozoa (>50 pm) were mostly amoebae. The
protozoa were not evenly distributed within the ponds systems.

Most of protozoa were found in the sediments in the macrophyte ponds. The lowest protozoa
populations were found at the surface of the macrophytes ponds. Protozoa populations in the
anaerobic pond were higher than in the raw wastewater. The algal ponds had the highest number
of protozoa amongst the 3 pond systems. The protozoa populations in the water lettuce ponds
were higher than that of the duckweed ponds. In the algal ponds high protozoa numbers were
also observed on the surface as well as in the sediments. The duckweed ponds, which had the
lowest protozoa population, showed complete absence at some depths (Table 6). Agglomeration
of protozoa was also observed during the counting (Table 4-7).

Table 3 Size distribution of protozoa (per mL) in raw wastewater

Size
Month <20pm 20-50pm >50 pm
August 2001 1 12 4
September 2001 40 0 21
October 2001 3620 2 1
November 2001 1 3 7
December 2001 920 0 0
January 2002 1 2 0

Table 4 Size distribution of protozoa (no. per ml) in the anaerobic pond at various depths

Size
Depth <20pm 20-50pm >50 pm
0.10m 422742962 77+188 15+20
0.35m 1277+1267 115+128 16+13
0.63m 544131 68+163 51463

Table 5 Size distribution of protozoa (per mL) in water lettuce ponds at various depths

Size
Pond Depth <20pm 20-50pm >50um
1 0.10m 24448 17+41 17+£27
0.35m 28+35 9+22 5+8
0.63m 454+584 102+128 25423
2 0.10m 12+£26 242 7+12
0.35m 61+150 54£102 9+11
0.63m 1615+1151 405+465 52498
3 0.10m 4144 55+77 26+35
0.35m 34464 29+56 3+4
0.63m 12488+20198 1424150 1254244
4 0.10m 28+40 29453 79+179
0.35m 176+167 39+22 4444
0.63m 5057+8330 2544279 35+38
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Table 6 Size distribution of protozoa (per ml) in duckweed ponds at various depths

Size
Pond Depth <20pm 20-50pm >50pm
1 0.10m 141£156 0+1 36+50
0.35m 78+129 17+41 7+7
0.63m 2143+ 4166 33445 20+16
2 0.10m 2394448 524122 244
0.35m 84+176 2+4 1+1
0.63m 1783+1548 80+100 30+17
3 0.10m 7+16 31+74 nil
0.35m 12+18 118+£268 1+1
0.63m 590+395 845+1356 77+159
4 0.10m 348 nil nil
0.35m 518+1207 217+501 12+28
0.63m 585+1012 228+478 nil

Table 7 Size distribution of protozoa (per ml) in algal ponds at various depths

Size
Pond Depth <20pm 20-50pm >50pm
1 0.10m 1497+£2277 209+448 68+80
0.35m 874+1526 46+73 14+17
0.63m 421849540 41432 137276
2 0.10m 212942563 73+152 51+79
0.35m 3734818 14+£24 67
0.63m 6137+£8459 340+448 185+256
3 0.10m 638+537 27426 30+32
0.35m 784+456 118+864 3041
0.63m 18083423414 3324301 178+133
4 0.10m 6157+10302 165+318 100£159
0.35m 9514921 106149 40+48
0.63m 9973+£11241 3714316 108+£168

Discussion

Effect of protozoa on faecal bacteria removal

Results from the water lettuce based-treatment systems showed that without protozoa higher faecal
bacteria populations would be observed in effluents from waste stabilization ponds. Effective
removal for faecal bacteria was observed in the water lettuce ponds in the presence of protozoa
whiles faecal bacteria removal in the duckweed and algal ponds were not very different in the
presence and absence of protozoa (Table 1). The differences in the contribution of protozoa
towards faecal bacteria removal could be due to selective feeding by protozoa (Kinner €t al., 1998;
Finley et al., 1988). Selective feeding by protozoa is based on size, motility and the growth
condition of the protozoa themselves. This could vary between pond systems and even from pond
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to pond in the same pond system. Differences in the number of protozoa and type of species in the
3 pond systems have been observed in this study (Tables 2-7). Petalomonas was present mostly in
the water lettuce ponds (Table 2) and this flagellate might contribute to the removal of E. coli and
Slmondlla in this pond. The effect of protozoa grazing on the elimination of bacteria is well
recorded. Predation by ciliates is considered to be a very important mechanism for bacteria removal
in wastewater treatment plants (Curds and Vandyke, 1966; WPFC 1990; Curds, 1992; Decamp, &
al., 1999). Kinner et al., (1998) reported that nanoflagellates could consume 12-74% of attached
bacteria in a day. They considered protozoa predation as a major removal mechanism of pathogens
in wastewater treatment systems.

There were no significant differences between the removal of faecal bacteria in duckweed and algal
ponds in the absence and presence of protozoa. Although protozoa numbers were highest in algal
ponds, the die-off rates were low. This means that high protozoa population does not always
correlate with effective removal of faecal bacteria by predation. In the duckweed pond the limited
effect of protozoa on bacterial removal could be due to both selective feeding and the low numbers
of protozoa (Table 6). Curds and Vandyke, (1966) indicated that for protozoa to be effective in the
removal of bacteria through predation, their number should be more than 1000/mL. Petropoulos &t
al., (2003) reported that low protozoa numbers resulted in bacteria growth rate increases. This
phenomenon is also very well known in rumen of cattle, where bacterial numbers may be doubled
after removal of protozoa (Gijzen et al., 1988). Increase in numbers of faecal bacteria numbers
was observed in some of the treatments especially in the absence of protozoa. This increase in
faecal bacteria numbers was also observed by Awuah et al., (2004a) in batch incubation studies of
domestic wastewater. Karpiscak €t al., (2000) reported an increase in total coliform numbers in the
effluent of milk waste treated in constructed wetlands. Gibbs et al., (1997) also reported of
regrowth of faecal coliforms and Salmonella in biosolids.

These results show that the ability of protozoa to effectively remove faecal bacteria is not always
clear in macrophytes and algal ponds. In the laboratory some positive results have been obtained by
several authors (Curds and Vandyke, 1966; WPFC 1990; Curds, 1992; Decamp, €t al., 1999) but in
the field the results could be different.

Faecal bacteria removal rates obtained here are comparable to what was observed in earlier pH
effects studies. At extreme pH values of 4, 10 and 11 however, the removal rates obtained were
higher than the results obtained during the present study of the same duration (Awuah et al.,
2004a). Awuah et al., (2003) had shown that it was the high pH that was the major cause of faecal
coliform removal and not the high dissolved oxygen.

Protozoa profiles and populations

In the 3 pond systems, most of the protozoa were found in the sediments. The high numbers of
protozoa (>1000/mL) seen in all 3 pond systems suggests that predation of protozoa on faecal
bacteria could be important in the sediments. Gannon €t al., (1983) and Awuah et al., (2004a),
have shown that number of bacteria in the sediments were always more than at the other depths.
This suggests that high numbers of protozoa cannot be correlated with effective removal faecal
bacteria as claimed by Curds and Vandyke, 1966 and Decamp et al., 1999 at all times.

The profile of the protozoa shows that protozoa populations are not evenly distributed in the
pond systems (Table 5-7). Hence, in areas where there are no protozoa, effective removal of
faecal bacteria through protozoa predation of faecal bacteria would not occur. The low protozoa
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population especially at the surface of the macrophyte ponds shows that complete reliance on
predation for faecal bacteria removal may not be adequate.

Conclusion

It may be concluded that protozoa may play a major role in the removal of E. coli and Salmonella
in water lettuce ponds. However, the removal of faecal bacteria will not be significant in duckweed
and algal ponds especially when the protozoa numbers are low. Long retention periods in the
presence of harsh environmental conditions may be the main contributing factors in the removal of
faecal bacteria in macrophyte and algal-based waste stabilization ponds. Design of macrophyte
ponds therefore should consider promoting harsh environmental conditions and increase in depth
for longer retention periods in the ponds.
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Summary in English

The pathogen removal mechanisms in macrophyte and algal ponds were studied in Ghana and
Colombia. The macrophytes used were water lettuce (Pistia stratiotes) and duckweeds (Lemna
paucicostata and Spirodela polyrhiza). The selection of the species was based on economic
importance and availability. Lemna was used during the first investigations and when it was
realized it could not withstand the ammonia levels in the wastewater used, Spirodela polyrhiza a
more rare species in Ghana was used. The main mechanisms considered in this study were pH,
protozoa predation and attachment. The microorganisms used were faecal bacteria namely,
Escherichia cali, coliforms, Salmonella sp. and other enterobacteria isolated on chromocult agar
and E. coli ATCC13706 and enterococci isolated on Slanetz Bartley medium. Studies were
conducted under batch scale and continuous flow systems using bench scale and pilot scale
ponds.

Chapter 1

Under this chapter a review of existing wastewater management systems in Ghana and the
general pathogen removal mechanisms in wastewater stabilization ponds were evaluated. The
aim and objectives of the PhD research were also outlined.

Chapter 2

Batch scale performance studies of stabilization ponds with and without macrophytes were
carried out. Results showed that there were no significant differences in the treatment
efficiencies of the domestic wastewater between macrophyte and algal ponds. Enterococci
bacteria removals in all the treatment systems were similar even under dark conditions. This
showed that mechanisms other than sunlight-induced conditions in pond systems might be
responsible for pathogen removal. The interpretation of these results must be done with caution
since the indicator organism used in this study are faecal enterococci and does not represent all
groups of pathogens and also for the fact that the experiment was done on a batch scale.

Chapter 3

In assessing the environmental conditions in a continuous flow systems and the effect of pH on
enterococci removal in the macrophyte and algal ponds, low pH were found to be more
bactericidal on enterococci than alkaline conditions in domestic wastewater. The bactericidal
properties at different pH values were enhanced by sunlight. It was also observed that light,
nutrient depletion, low pH and the long retention period in the continuous flow systems might
have played a key role a in the removal of enterococci in the macrophyte and algal ponds.
Pathogen removal mechanisms in macrophyte and algal ponds could be different. The effect of
pH on faecal coliforms and other pathogen indicators, under similar conditions should be
studied for comparison.

Chapter 4

The effect of pH on faecal coliforms was done after intensive measurements of environmental
conditions in the continuous flow system. It was concluded from this study that sunlight
enhanced faecal coliform removal at pH 4, 7 and 9 but not at pH 5 and 10. Also, pH 5 was least
detrimental to faecal coliforms. High pH was more effective in the removal of faecal coliforms
than DO.

Chapter S
Effect of pH fluctuations on different indicator organisms was assessed. The results showed that
under different pH treatments faecal bacteria behave differently. This study shows that pH
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fluctuations, extremes of pH, presence of other microorganisms may all contribute to die-off in
stabilization ponds. Fluctuation from 7-9 common in algal ponds may contribute to E. coli
elimination in algal ponds.

Chapter 6

An assessment of comparative performance studies was conducted using low sewage strength.
Algal ponds were found to be more efficient in the removal of pathogens than macrophytes,
while macrophytes were more efficient in organic load and nutrient removal than algal ponds.
Faecal coliform profiles showed that in the water lettuce ponds if the effluent discharge had
been located n the middle portion the effluent quality would have been the same as that of the
algal pond system. Sludge accumulations in the macrophyte ponds were found to be several
times lower than algal pond systems. Macrophytes may decrease the frequency of desludging
through low sludge accumulations. Duckweed cover prevented the breeding of mosquitoes in
the ponds. The benefit of macrophyte and algal waste stabilization ponds could be harnessed by
combining both systems. Since this study was conducted by diluting sewage, it was
recommended that performance studies be repeated using raw wastewater, which is of medium
strength for confirmation.

Chapter 7

Using the medium strengths sewage comparative performances studies were conducted for a
period of one year. Macrophytes performed equally well in the removal of organic load,
nutrients and faecal bacteria removal if the pond systems are well managed. The mechanisms in
the removal of faecal bacteria were attributed mainly to attachment, sedimentation, predation,
nutrient depletion and the long retention periods in all pond systems. In the algal ponds pH and
DO concentrations were suggested as the main cause of pathogen removal. The macrophyte
waste stabilization ponds however, cannot be used for the treatment of domestic wastewater if
the culture of maintenance is very poor in a given community. From the high biomass yields
associated with the macrophytes, if they are not harvested, the ponds may be eutrophied in a
very short time and create a major environmental nuisance.

Chapter 8

The importance of attachment in pathogen removal was assessed in this study. The results
showed that faecal bacteria attach to walls of containers holding wastewater, water lettuce roots
and leaves, duckweed fronds and algae. When the die-off rates and mass balance of faecal
bacteria on various surfaces in batch-scale incubations were studied, die-off was observed
immediately after attachment. Higher die-off was observed in surfaces in the algal ponds. Most
of the viable bacteria were found attached to water lettuce roots and to suspended solids in the
algal containers. Harvesting of macrophytes removed <1% of viable faecal bacteria in
continuous flow ponds in Ghana and in Colombia. In comparison to percentage of faecal
bacteria attachment to surfaces with total viable bacteria numbers, attachment was substantially
found to contribute to faecal bacteria removal (>70). Attachment and subsequent settling of
suspended solids contributes to prolonged retention of faecal bacteria in stabilization ponds, and
as such provides the conditions for die-off.

Chapter 9

The effect of the presence of protozoa on faecal bacteria removal was measured. The types of
protozoa seen in the ponds were counted and identified. Algal ponds had the highest species
diversity and highest concentration of protozoa. It was concluded that protozoa might play a
major role in pathogen removal in macrophyte and algal ponds. Predation may suppress
microbial populations in waste stabilization ponds.
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Concluding remarks

Based on the results of all the mechanisms studied so far, a relative importance of all the
mechanisms of importance in macrophyte and algal pond systems are presented in Table 1. In order
of importance, long retention periods, attachment, sedimentation, predation and low pH are
mechanisms in macrophyte ponds enhancing faecal bacteria removal. The low pH is not given a
high priority because the conditions must be created in low strength sewage, a practice that could
be rare in developing countries with water scarcity problems. Also, low pH was only found in water
lettuce ponds and was more applicable to enterococci bacteria. In the algal ponds, it is long
retention periods, sunlight penetration, attachment, high pH, pH fluctuations and sedimentation,
which are the mechanisms of importance in faecal bacteria removal. Presence of protozoa was also
found to be important but true grazing studies could not be quantified.

Table 1 Relative importance of mechanism in faecal bacteria removal in macrophyte and algal
ponds studied

Mechanism Macrophyte pond systems | Algal pond system
Sedimentation - +++
Attachment -+ ++++
DO concentrations + +
High pH>9 0 -+
Low pH<S5 ++ 0

pH fluctuations 0 -+
Sunlight penetration 0 -+
Temperature

fluctuations 0 0
Presence of protozoa +++ +++
Retention period ++++ -+
Natural die-off ++++ ++++

+ Degree of importance, 0 Not important

Based on our experiments DO did not play a major role in faecal bacteria removal. Retention
period emerges as the most important factor in macrophyte ponds and designs of ponds should
be deeper than the current depth of 0.5-1.0m to save space and improve on performance.
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Summary in Dutch

Dit proefschrift gaat over de verwijdering van pathogenen uit afvalwateroxidatievijvers in
Ghana, gedomineerd door watersla (Pistia stratiotes) en eendenkroos (Lemna paucicostata,
Spirodela polyrhiza) of door algen. Begonnen werd met Lemna, maar toen bleek dat Lemna niet
tegen de hoge ammoniumconcentraties in het afvalwater kon, is het onderzoek vervolgd met
Sirodela, een veel zeldzamere soort in Ghana. De bestudeerde microdrganismen waren faecale
bacterién: Escherichia coli, coliformen, Salmonella sp., enterobacterién en enterococcen. De
resultaten zijn niet alleen afkomstig van experimenten op laboratoriumschaal in Ghana, maar
ook van “pilot scale” vijvers in Colombia.

Hoofdstuk 1

In hoofdstuk 1 wordt de stand van zaken met betrekking tot afvalwaterzuivering in Ghana
gegeven. Ook komen de mechanismen van pathogenenverwijdering in oxidatievijvers aan de
orde. Tenslotte worden de doelstellingen van dit onderzoek geformuleerd.

Hoofdstuk 2

In hoofdstuk 2 worden oxidatievijvers met en zonder macrofieten (dus met algen) vergeleken.
Geen significante verschillen werden gevonden in zuiveringsefficiéntie van huishoudelijk
afvalwater tussen de twee systemen. Het feit dat enterococci in beide systemen even snel
werden verwijderd in licht en in donker houdt in dat zonlicht geen essenti€le rol speelt.
Competitie met heterotrofe bacterién om nutri€nten zou in dit geval de verdwijning van
pathogenen kunnen verklaren. Omdat deze experimenten op “batch scale” zijn uitgevoerd en
gewerkt is met enterococci als indicatororganisme is enige voorzichtigheid geboden bij de
interpretatie van de resultaten.

Hoofdstuk 3

De pH lijkt een belangrijke rol te spelen bij de verwijdering van enterococci in macrofieten- en
algenvijvers: zure omstandigheden zijn werkzamer dan basische. Zonlicht heeft een bijkomend
effect, zuurstof lijkt nauwelijks een rol te spelen. Enterococci kunnen goed overleven bij hoge
pH, speciaal in het donker. De omstandigheden zijn nogal verschillend in de oxidatievijvers: in
waterslavijvers is het water zuur, in eendenkroosvijvers neutraal en in algenvijvers basisch. De
combinatie van zuurstof, licht, lage pH, tekort aan nutriénten en een lange verblijftijd in de
“continuous flow” experimenten lijken alle bij te dragen aan de verwijdering van de
enterococci.

Hoofdstuk 4

Door middel van een intensief meetprogramma is de invloed van pH op faecale coliformen
bestudeerd. Zonlicht stimuleerde hun verwijdering tussen pH 4 en 9, maar niet bij pH 10; een
verklaring voor het afwijkende resultaat bij pH 5 kon niet gegeven worden. Verhoogde
zuurstofconcentraties hadden minder effect op de verwijdering van faecale coliformen dan
verhoogde pH.

Hoofdstuk 5

In hoofdstuk 5 wordt het effect van pH veranderingen op verschillende indicatororganismen
vergeleken. Extreem hoge of lage pH waarden bespoedigen de verwijdering van E.coli en
coliformen, terwijl pH fluctuaties belangrijker zijn voor de verwijdering van Salmonella,
enterobacterién en enterococci. Zure omstandigheden bespoedigen de verdwijning van
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enterococcen, maar hebben juist minder effect op E.coli, Salmonella en coliformen. Extreme
pH, pH fluctuaties en de aanwezigheid van andere micro-organismen kan allemaal bijdragen
aan de verwijdering van pathogenen in oxidatievijvers.

Hoofdstuk 6

In hoofdstuk 6 worden macrofietenvijvers met algenvijvers vergeleken in hun algemene
vermogen tot zuivering van laagbelast afvalwater. Algenvijvers zijn beter in het verwijderen van
pathogenen, macrofietenvijvers in de verwijdering van organische stof en nutriénten. De
ophoping van slib in algenvijvers is veel groter, zodat uit macrofietenvijvers veel minder vaak
slib hoeft te worden verwijderd. Het dek van eendenkroos verhinderde muskieten om eieren in
het water af te zetten. De voordelen van beide systemen kunnen worden benut door ze te
combineren. Het onderzoek zou herhaald moeten worden voor echt, sterker geconcentreerd,
afvalwater.

Hoofdstuk 7

Als macrofietenvijvers goed worden onderhouden presteren ze even goed als algenvijvers in de
verwijdering van organische stof, nutriénten en faecale bacterién uit geconcentreerd afvalwater.
De verwijdering van faecale bacterién uit de macrofietenvijvers werd toegeschreven aan
hechting, sedimentatie, predatie, nutriéntentekort en de lange verblijftijd, terwijl DO en de pH
de belangrijkste factoren waren in algenvijvers.

Macrofieten verwijderen fosfor slechts in beperkte mate; wetgeving en politieke acties zijn
daarom nodig om het fosforgehalte in huishoudelijk afvalwater omlaag te brengen.
Afvalwateroxidatievijvers zijn goed toepasbaar in Ghana, maar voordat macrofieten worden
gebruikt moet er een goede voorlichtingscampagne worden opgezet. Slecht onderhouden
macrofietenvijvers hebben namelijk een negatief effect, mede door een snelle eutrofiéring van
het water.

Hoofdstuk 8

In hoofdstuk 8 is het belang van hechting onderzocht voor de verwijdering van faecale
bacterién.

Zowel uit de “batch scale” als de “continuous flow” experimenten blijkt dat faecale bacterién
aan alle beschikbare oppervlakken hechten: aan wortels en bladeren van watersla en
eendenkroos, aan algen en wat er ook maar beschikbaar is in algen- en macrofietenvijvers. Dus
hoe meer oppervlak er beschikbaar is, hoe meer faecale bacterién er hechten en hoe meer er
verwijderd zullen worden. Ook door een langere retentietijd kunnen er meer hechten. Het
oogsten van de macrofieten heeft geen merkbaar effect op de verwijdering van faecale
bacterién.

Hoofdstuk 9

De invloed van predatie door protozoén is bestudeerd in hoofdstuk 9. Daarvoor werden de
protozoén geidentificeerd en geteld. Algenvijvers hadden de grootste diversiteit en de hoogste
aantallen. Protozoén zouden wel eens een belangrijke rol kunnen spelen bij de verwijdering van
pathogenen in algen- en macrofietenvijvers, maar zouden ook de gehele bacteriepopulatie
negatief kunnen beinvloeden.
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Conclusies

Op grond van de resultaten in dit proefschrift is in tabel 1 een overzicht gegeven van de
verschillende verwijderingsmechanismen voor faecale bacterién en hun relatieve
belangrijkheid.

Tabel 1 Relatieve bijdrage van het mechanisme voor het verwijderen van faecale bacterién uit
macrofieten- en algenvijvers.

Mechanisme Macrofietenvijvers Algenvijvers
Sedimentatie ++++ +++
Hechting - -+
O, concentratie + +
Hoge pH (>9) 0 -+
Lage pH (<5) ++ 0

pH fluctuaties 0 +++
Zonlicht 0 ++
Temperatuur variatie 0 0
Aanwezigheid van protozoén | +++ +++
Retentietijd ++++ 4+
Natuurlijk afsterven - +H+

+: graad van belangrijkheid, 0: niet relevant

De volgorde van relevante mechanismen voor het verwijderen van faecale bacterién uit
macrofietenvijvers is: retentietijd, hechting, sedimentatie, predatie en lage pH; uit algenvijvers:
retentietijd, zonlicht, hoge pH, hechting, sedimentatie. Aanwezigheid van protozoén speelde ook
een belangrijke rol, maar hun bijdrage aan de verwijdering kon niet gekwantificeerd worden.
Zuurstof daarentegen leek niet belangrijk te zijn.

Samenvattend kan gesteld worden dat de twee belangrijkste factoren retentietijd (met als gevolg
natuurlijke afsterving) en hechting (met als gevolg sedimentatie) zijn. Om de retentietijd te
verlengen, en dus de kans op natuurlijke afsterving en sedimentatie te kunnen verhogen, zouden
vijvers dieper gemaakt kunnen worden dan de huidige 0.5 tot 1 meter.
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