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Abstract

Upflow anaerobic sludge blanket (UASB) is one of the anaerobic systems which is known for its
low construction, operation and maintenance cost, high efficiency in removal of organic material,
small land requirement, low operation and maintenance cost as well as low sludge production.
Nevertheless, UASB is known for low efficiency in nitrogen (N) and phosphorus (P) removal.
However, nitrogen is a major nutrient in wastewater that must be reduced to acceptable levels
because the uncontrolled release of nitrogen to the environment is known to cause serious
problems such as infant methaemoglobinaemia and eutrophication. Therefore, an appropriate
post-treatment unit has to be installed after UASB to comply with effluent guidelines for reuse.
Waste stabilization ponds (WSP) which are also considered as low cost system, are able to meet

effluent standards for reuse. However, these systems are characterized by high land requirement.

Duckweed-based ponds (DBPs) are at their core, modified type of WSP. Furthermore, the WSP
are not only a low cost and easy to build and operate, but they also produce tertiary quality
effluents and offer the possibility of resource recovery by producing high quality duckweed
protein, which can be of further use. DBPs as well as WSP systems are efficient as post-
treatment units after UASB system. Moreover, land requirement for WSP and DBPs systems can
be considerably reduced when influent sewage is pretreated by UASB. Nevertheless, the use of
DBPs is more promising because of the aforementioned cost recovery. Moreover, land
requirement and hence cost can be further reduced by using deeper pond systems. However, the
effect of depth on ponds performance especially in nitrogen removal has so far not been

investigated especially under Palestinian conditions.

The main objective of this thesis was to investigate the effect of depth variation on DBPs and
ABPs performance and nitrogen removal efficiency. In order to perform this study, a pilot-scale
treatment plant was constructed at Al-Bireh Wastewater Treatment Plant site (AWWTP), 15 Km
northeast of Jerusalem-Palestine. The pilot plant consisted of a UASB-septic tank operated under
hydraulic retention time (HRT) of 4 days. It was followed by three parallel lines of stabilization
ponds with three equal ponds each of similar total HRT of 28 day per line. The depth of the
ponds in the first, second and third lines were respectively 90, 60 and 30 cm. The study was
divided into two periods; the first period was conducted between May, 2, 2004 and August, 18,
2004 to investigate the effect of depth variation in DBPs. As the growth of duckweed and hence

the duckweed cover was not maintained due to unfavorable conditions of treated sewage, the
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same as the first period was investigated for algae based ponds (ABPs) in the period between

August, 18, 2004 and November, 1, 2004.

The pilot plant was operated for six months, the average ambient temperature throughout the
experimental period was 24.5 °C, while the average water temperature in the first and second
periods were 23.6 and 22.9 °C, respectively. Influent total COD to the system was 1275 + 84
mg/L, while average COD concentration in DBPs and ABPs period was 701.6 +£241.5 and 330.9
+ 69 mg/L, respectively. The corresponding volumetric loading rates were 25.0 and 11.8 g
COD/nr’.d, respectively. The results of this research revealed that total COD, TP and N removal
efficiencies were inversely proportioned to depth when equal total HRT was applied for the three
lines. COD removal efficiency for the shallowest and deepest DBPs were 75.4 + 4.1%, 62.5 +
5.7%., while its removal efficiency in the shallowest and deepest ABPs was 54 + 1.1%, and 51.6
+ 3.2%, respectively. Moreover, total phosphorus (TP) removal in DBPs and ABPs increased by
the decrease in depth. The removal efficiencies of TP in the shallowest and deepest DBPs were
48.5 + 9.2% and 38.5 + 4%, respectively. While TP removal efficiencies in the shallowest and
deepest ABPs were 57.6 £+ 5.6% and 37.6 £+ 6.4%, respectively. Furthermore, total suspended
solids (TSS) removal efficiency was higher for deeper DBPs; it was 64.4 + 11.8%, and 58 +
11.2% in shallowest DBPs, however negative removal efficiency was achieved in ABPs due to
algal growth. Higher ammonium (NH;") removal efficiencies were achieved in the shallowest
compared to deepest DBPs were 46.6 +5.2% , 30.9 + 1.6%, while, in the shallowest and deepest
ABPs, they were 64.5 + 2.8% and 51.2 + 1.9%, respectively. Furthermore, the removal
efficiencies of total Kjeldahl nitrogen (TKN) in the shallowest and deepest DBPs were 44.5 +
6.3% and 29.4 + 6.8%, respectively. While they were in the shallowest and deepest ABPs 45.4 +
3.1% and 61.1 + 4.5%, respectively. Significantly higher value of sedimentation (higher
contribution to treatment) was found in ABPs compared to DBPs. Finally, even though better
removal efficiency was achieved in shallowest ponds for most of the tested parameters, however,
they showed higher land requirement (11.7 m*/capita and 7.8 m%capita in DBPs and ABPs,
respectively) compared to deepest ponds (6.9 m*/capita and 3.9 m?/capita in DBPs and ABPs,
respectively) to comply with WHO guidelines for restricted irrigation.
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Chapter One

Introduction

1.1 Background

The Palestinian territories face serious problems in the field of water supply, sanitation and
wastewater treatment. Water supply problems originate mainly from the scarcity in water
resources, but wastewater problems originate mainly from the lack of finance for construction
and running cost of conventional wastewater systems. Besides, the environmental problems
created by wastewater (WW) production is increasing as a result of increasing population
density which necessitate a great challenge to develop and introduce sustainable sewage
collection and treatment systems. On the other hand, providing these essential services
especially for poorer localities of the world are hindered by the financial limitations and
weakness of water supply and sanitation management, correspondingly providing necessary
funds for capital operation and maintenance costs is the key issue for development of the

sanitation sector especially in low income regions (Zimmo, 2003).

About 20% of the total Palestinian population in the urban areas is served by a central
urban sewerage system, while only 5% of the collected municipal wastewater
experienced partial treatment. About 73% of the households in the West Bank have
cesspit sanitation and almost 3% without any sanitation system (Abu Madi, 2000;
MOPIC, 1998). Lack of effective planning in water and sanitation infrastructures in
rural communities has led to poor environmental health, ineffective wastewater
treatment, exacerbated by under-funded national institutions and lack of skilled staff and
appropriate management and coordination (Al-Sa‘ed, 2000). Beside applied research
studies a number of biological treatment systems for small rural communities were

introduced and installed (Mustafa, 1996; PHG, 1999; Zimmo et al., 1999).

Waste stabilization ponds are low cost and efficient systems for wastewater treatment,
producing high quality effluent that enables wastewater reuse in irrigation (Mara, ef al.,
1992). There is an international continuous interest for waste stabilization pond systems
that are inexpensive and are known for their ability to achieve good removal of organic

pollutants and pathogens, however, high algal concentrations of about 100 mg TSS/L



may be reached in the effluent (Middlebrooks, 1995), causing sever clogging problems
in advanced drip irrigation systems (Person et al., 1995). Correspondingly, increasing
interest in modifications of conventional algae based ponds into duckweed-based ponds

(DBPs) is observed (Zimmo, 2003).

Waste stabilization ponds can be used to treat secondary quality effluent; it can polish an
anaerobic enhanced pre-treated effluent and, with appropriate retention time, can remove
pathogens to an acceptable level before discharge into receiving stream or before reuse
for irrigation or groundwater recharge (Journey and Scott, 1996). If the ponds are to be
designed such that the effluent complies with WHO (1989) microbiological quality
guidelines for restricted irrigation (<1,000 faecal coliforms/100 ml), then the major
limitation for the application of stabilization pond technology for wastewater treatment at
large scale is the large area needed, which is estimated at about 5-7 m?/capita depending
on influent strength of wastewater and effluent guideline requirements (Al-Sa’ed, 2004).
However, when stabilization ponds receive their effluent from UASB land requirement
may be reduced to the half or more (Jabari, 2003). HRT is an important parameter that
plays a fundamental role in determination of the effluent quality and correspondingly the
land requirement. The increase in ponds’ depth permits the same quantity of influent to
be collected in the smaller area of land with smaller water losses through evaporation.
The feasibility of conducting wastewater treatment in deep ponds has been proven in
several studies carried out in the Region of Murcia, SE of Spain which is characterized

by a Mediterranean climate (Soler ef al., 1991).

Anaerobic wastewater treatment systems were found to be efficient in reducing the
organic loads considerably. However, these systems leave mineralized compounds like
ammonium and phosphorus in the solution (Mahmoud, 2002). Upflow anaerobic sludge
blanket (UASB) technology is considered also as another low cost alternative because of
its’ low cost required for construction, operation and maintenance. Moreover, UASB
system showed promising results as a wastewater pretreatment unit in tropical countries
like Columbia, India, Brazil, and Indonesia (Journey and Scott, 1996). Several UASB
pilot plants were constructed there, and many researches for different anaerobic
treatment technologies were discussed, however, at low temperatures, more sophisticated
reactors are needed (Elmitwalli, 1999). Therefore, modifications of UASB and upgrading

the treated effluent still need more investigation at moderate and low temperature



circumstances to achieve more reliability and applicability. Principally, anaerobic
treatment plant is a mineralization process, and so it is a pretreatment method and always
needs a proper post treatment method to upgrade the anaerobic effluent to standards for
reuse or for discharge. This applies particularly for pathogens, remaining BOD and
mineralized compounds (Jules et al., 2001). There still quite number of attractive new
developments can be expected for post-treatment of pretreated sewage by UASB

(Lettinga et al., 1999).

Nitrogen is a major nutrient in wastewater that must be reduced to acceptable levels. Its
removal in wastewater treatment is very important because its existence in the effluent
causes eutrophication in the receiving water bodies and groundwater contamination
(Horne and Goldman, 1994). Besides, ammonia is toxic to aquatic organisms, especially
the higher forms such as fish, at concentrations as low as 0.5 mg/L. (Barnes and Bliss,
1983 as quoted by Javed (1995)). On the other hand nitrogen in wastewater should be
handled as a nutrient resource rather than a pollutant that only has to be disposed off
(Gijzen and Mulder, 2001). Nitrogen removal could be achieved by nitrification and
denitrification within activated sludge systems and by break point chlorination or by ion
exchange, however, the investment and operational costs are high. Recently, removal of
nitrogen in low cost conventional algae-based ponds (ABPs) and duckweed-based ponds
(DBPs) is given some attention (Zimmo, 2003). According to preceding studies, a
combination of UASB and waste stabilization ponds proved to be promising in terms of
land requirement reduction. However, no previous studies investigated the effect of
changing ponds’ depth (with maintaining the same ponds’ area) on removal efficiency of
different pollutants, and no reliable data is available for explanation the basic changes in
the water column environment of the pond and consequently, the effect of depth variation on

efficiency of removal for different pollutants especially nitrogen compounds.

1.2 Objectives

Increasing depth of waste stabilization ponds and the issue of anaerobic pretreatment is
expected to play a significant role in decreasing the per capita land required to approach
the guidelines. The effect of depth of stabilization ponds with anaerobic pretreatment on
the performance of the ponds was not studied mainly for the issue of nitrogen removal

efficiency.



The main objectives of this thesis can be summarized as follows:
® Determination of the effect of depth on nitrogen transformation in duckweed and
algae-based waste stabilization ponds.
® Determination of the effect of depth on removal of major constituents of pollutants
in duckweed and algae-based waste stabilization ponds.
® Determination of the differences between duckweed and algae-based waste

stabilization ponds in terms of performance and efficiency.

The aforementioned research objectives can be achieved when conducting the following

research questions:

© Investigate the ability of duckweed to survive in an anaerobically pretreated

municipal wastewater.

© Identify influent wastewater characteristics (effluent of UASB-septic tank) in the
pilot plant.

© Identify wastewater characteristics changes after each pond.

© Identify the number of ponds needed (land requirement) to achieve reclaimed water

guidelines at each depth.

© Identify the (best) expected performance of suggested system as one unit during the

summer time of highest ambient temperature.

® Compare the performance of duckweed and algae-based ponds as two methods for

post treatment of anaerobically pretreated wastewater.

1.3 Contents of the thesis report

This thesis report contains five chapters; chapter two is “literature review” which
represents the main outcomes of other preceding related researches. Chapter three
“materials and methods”, reviews the materials and methods used in this experimental
work including sampling and analysis. In chapter four “results and discussion”, results
are discussed based on laboratory results with a comparison between the achieved results
and previous results from earlier related studies. Finally, chapter five “conclusions and
recommendations”, shows the main outcomes and the recommendations for other

complementary researches.



Chapter Two

Literature Review

2.1 General

Nitrogen is a major pollutant in wastewater that must be reduced to acceptable levels. Its
removal in wastewater treatment is very important because of eutrophication in receiving
bodies and groundwater contamination (Zimmo, 2003). Nitrogen removal is achieved via
several methods like ion exchange, nitrification and denitrification in activated sludge
systems, or by break point chlorination. However, the common problem in these systems
is the high operational and maintenance cost which makes these systems hard to be
implemented in poor countries. A high attention was recently given to the low cost

stabilization ponds (algae-based ponds (ABPs), and duckweed-based ponds (DBPs)).

2.2 Algae and duckweed-based waste stabilization ponds

Waste stabilization ponds (WSPs) are usually the wastewater treatment method of choice
in warm climates where land is available at reasonable costs, (Mara 1976, Arthur 1983).
WSP systems are inexpensive and are known for their ability to achieve good removal of
pathogens and organic pollutants. However, stabilization ponds systems are
characterized by the high land requirement (5-7 m*/capita) with a retention time from 15-

18 days, depending on temperature and required effluent quality (Al-Sa’ed, 2004).

2.2.1. Algae based ponds

ABPs are the simplest form of waste stabilization ponds. ABPs are low-cost and efficient
systems for wastewater treatment, producing high quality effluent that enables water
reuse in irrigation (Mara et al., 1992). Worldwide, there is a continuous interest for
ABPs systems that are inexpensive and are known for their ability to achieve good
removal of pathogens and organic pollutants. An advantage of ABPs compared to other

technologies such as activated sludge is that besides suspended solids and COD, also



pathogens are removed (Zimmo, 2003). However, high algal concentrations may be
occasionally reached in the effluent, causing severe clogging problems in advanced

(drip) irrigation systems (Pearson ef al., 1995).

2.2.2. Duckweed based ponds

Duckweed is a floating aquatic macrophyte belonging to the botanical family Lemnaceae
that can be found worldwide on the surface of nutrients rich fresh and brackish waters.
Duckweed plants are characterized by an excellent potential as a commercial crop plant
because of their high growth rate, high nutritional value and low fiber content.
Duckweed (Lemnaceae) is a family of floating monocoteledons consisting of four genera
(Lemna, Spirodela, Wolfia and Wolfiella) and twenty-eight species (Sculthorpe, 1967).
However, Lemna gibba proved to be the best duckweed species out of three examined
genera; (Lemna gibba, Wolfia and Spirodela) regarding treatment efficiency and growth
rate (Oron and Porath, 1987).

DBPs are a modified type of stabilization ponds, covered with floating mat of plants.
However, they differ from conventional stabilization systems by achieving higher
nutrient removal levels, removing organic matter and other oxygen consuming
substances compared to ABPs (Skillecorn et al., 1993), suppressing algae growth so that
no large amount of algae is washed out of the system as suspended matter (Steen, 1998).
Evapotranspiration is lower than evaporation from an open water surface under the same
meteorological conditions (Oron ef al., 1985). DBPs systems have been applied at full-
scale in Taiwan, China, Bangladesh, Belgium and the USA (Edwards, 1980; Zirschky
and Reed, 1988; Alaerts et al., 1996). Moreover, the Palestinian Environmental Quality
Authority is developing, since 1999, duckweed-based ponds receiving mixed domestic
and agricultural wastewater (at Al-Arroub — Hebron - Palestine). It is the first such

system operating at full-scale in the country (Awadallah, in preparation).



2.2.2.1 Advantages and limitations of DBPs systems

DBPs are not only characterized by low cost and simple equipment, low energy or
unskilled labor input (Awadallah, in preparation), but they also aim at resource recovery
in the light of sustainability of wastewater treatment. On the other hand, DBPs were
recommended in literature to be used as secondary or tertiary treatment unit. Bonomo
(1996) reported based on experimental results and the information deduced that
duckweed has to be used for secondary treatment (SS and BOD removal) and for tertiary
treatment (algae control and N-Removal). Additionally, duckweed-based systems must
be preceded by adequate pre and primary treatments in order to avoid accumulation of
sludge and floating matter in the pond. Table 2.1 compares the two types of pond

systems.

Table 2.1. Comparison between algae based ponds and duckweed based ponds.

Criterion ABPs DBPs
Robustness ) E)}tremeb{ robust. _ | High BOD loads needs
e High ablhty to absorb organic appropriate pretreatment
and hydraulic shocks.
Capital costs Low 25% higher than WSPs
(Source: PRISM)
Labor requirements for e Low labor requirement. e Highly labor intensive.
operation and maintenance | e Unskilled but supervised labor | ® Requires skilled labor.
is sufficient. e Sophisticated
e Extreme simplicity of O&M. management necessity.
BOD removal efficiency > 90% > 90%
Nutrients removal efficiency | Ny.: 70-90%, Pio.: 30-50%. Niiand Py 70%.
TSS removal efficiency Low because of the algae in the | High due to inhibition of
final effluent. algae.
Pathogen removal efficiency High Mainly unknown, but good
preliminary results.
Valorization of biomass None e Use as animal feed.
e Revenue generation.

Source: WHO (1989), Alaerts et al. (1996) and Asano (1998).

2.2.2.2 Wastewater treatment by DBPs

Duckweed mat has the capability to purify wastewater in collaboration with both aerobic
and anaerobic bacteria. The duckweed mat, which fully covers the water surface, results
in three zones in DBPs; these are the aerobic zone which locates within 10 cm below the
duckweed mat (skillicorn et al., 1993), the anoxic zone and the anaerobic zone. In the

aerobic zone, organic materials are oxidized by aerobic bacteria using atmospheric




oxygen transferred by duckweed roots. Nitrification takes place in the aerobic zone.
However, denitrification takes place in anoxic zones, where organic nitrogen is
decomposed by anoxic bacteria into ammonium and ortho-phosphate, which are the
intermediate products used as nutrients by the duckweed (Metcalf and Eddy, 1991).
Organic matter in the bottom of the ponds is decomposed by anaerobic bacteria and this
produces gases such as carbon dioxide (CO,), hydrogen sulfide (H,S) and methane (CH,)
(Metcalf and Eddy, 1991). Nutrients are removed from the wastewater by several
processes, including volatilization of NH; and sedimentation of suspended solids with
organic nitrogen. Part of the nutrients is removed by conversion into plant proteins and
by harvesting the biomass. The nutrient uptake by the duckweed plants was reported to
be 60-80% of the nitrogen and phosphorus load (0.5 gTKN-N/m?.d) and (0.09 gTKN-
N/m?>.d), respectively (Alaerts et al., 1996).

2.3 Anaerobic Pretreatment

Anaerobic treatment is an effective enhanced primary treatment option for developing
countries, particularly those with mild climates. This treatment technology is characterized
by efficient removal of organic material, low construction cost, small land requirement,
low operation and maintenance cost, lowest sludge production compared to other
physical or chemical systems, useful biogas production which can be used for energy
generation. However, some limitations for the anaerobic treatment were reported in
literature like the need for warm climates, as the optimal reactor temperature is 20° C and
above. Moreover, longer startup time is required in anaerobic systems because of the
slow growth rate of anaerobic bacteria. Furthermore, additional treatment for the effluent
from anaerobic systems is required to meet secondary quality standards in terms of
oxygen consuming substances and odor problems. Moreover, chemical buffering may be

required to maintain alkalinity in reactor (McCarty, 1981; Giraldo, 1993; Vieira, 1992).

2.3.1 UASB technology

UASB is a cheap anaerobic wastewater treatment technology that is characterized by low
land requirement, ease of operation and maintenance, and low sludge production.
However, its effluent always needs to be post-treated in order to achieve reuse

guidelines. Moreover, UASB is a high rate suspended growth type of reactor in which a



pre-treated raw influent is introduced into the reactor from the bottom and distributed
evenly. UASB is one of the most popular anaerobic systems that showed acceptable and
encouraging results as a pre-treatment method in many countries (e.g. India, Brazil, and
Indonesia) (Journey and Scott, 1996). Lettinga and colleagues developed the UASB
process in the late 1970's at the Wageningen University (The Netherlands). The UASB
concept was born out of the recognition that inert support material for biomass
attachment was not necessary to retain high levels of active sludge in the reactor. Instead,
the UASB concept relies on high levels of biomass retention through the formation of
sludge granules. The main features for achieving granular sludge development are firstly
to maintain an upward-flow regime in the reactor selecting for microorganisms that
aggregate and secondly to provide for adequate separation of solids, liquid and gas and

preventing washout of sludge granules.

From a hardware perspective, a UASB reactor is at first appearance nothing more than an
empty tank (thus an extremely simple and inexpensive design). Wastewater is distributed
into the tank at appropriately spaced inlets. The wastewater passes upwards through an
anaerobic sludge bed where the microorganisms in the sludge are exposed to wastewater-
substrates. The sludge bed is composed of microorganisms that naturally form granules
(pellets) of 0.5 to 2 mm diameter that have a high sedimentation velocity and thus resist
washout from the system even at high hydraulic loads. The upward motion of released
gas bubbles causes hydraulic turbulence that provides reactor mixing without any
mechanical parts. At the top of the reactor, the water period is separated from sludge
solids and gas in a three-phase separator (also known the gas-liquid-solids separator).
The three-phase-separator is commonly a gas cap with a settler situated above it. Below

the opening of the gas cap, baffles are used to deflect gas to the gas-cap opening.

2.3.2 UASB-septic tank

The UASB-septic tank system is a promising alternative for the conventional septic tank
(Bogte et al., 1993; Lettinga et al., 1993). It differs from the conventional septic tank
system by the upflow mode in which the system is operated, resulting in both improved
physical removal of suspended solids and improved biological conversion of dissolved
components. The most important difference with the traditional UASB system is that the

UASB-septic tank system is also designed for the accumulation and stabilization of



sludge. Therefore, a UASB septic-tank system is a continuous system with respect to the
liquid, but a fed-batch or accumulation system, with respect to the solids. Anaerobic
pretreatment requires an appropriate post treatment to enhance effluent quality for further
reuse. Al-Juaidy (2001) discussed the performance of UASB-septic tank that was
constructed at Birzeit University campus as a pilot plant during the summer period. The
influent was black wastewater from the Faculty of Commerce. He showed that UASB-
septic tank presented an effective on-site treatment (COD removal was 76% and the TSS
removal was 58 %). He suggested that another post treatment should be added to reach
the acceptable requirements for reuse of wastewater and to eliminate nutrient (NH,,
PO,”) and pathogens. Ali ef al. (2004) also conducted a different study using domestic
wastewater. COD and TSS removal efficiencies were 90% and 50 %, respectively.
Recently, Al-Shayah (2005) investigated the performance and feasibility of using two
UASB-septic tank reactors (HRT = 2 days for R1 and 4 days for R2) under the
conditions that arise at the community level in Palestine. He used the wastewater form
Al-Bireh wastewater treatment plant with CODy 1189 mg/L. He reported that the
removal efficiencies for COD and TSS for R1 54 and 79%, likewise, the removal
efficiencies in R2 for the same parameters were 58 and 80%. He recommended the use of

the 4 days HRT UASB-septic tank reactor under Palestine conditions.

2.3.3 Effect of anaerobic pretreatment on ponds’ performance

Ciacedo et al. (2000) tested the effect of anaerobic pretreatment for stabilization ponds in
a system fed with institutional wastewater on several parameters. They reported that
Oxygen levels are significantly higher in the stabilization ponds with anaerobic
pretreatment, especially in the top layers. Additionally, the latter found also that pH
levels are very stable in ABPs and DBPs systems with and without anaerobic
pretreatment. Temperature gradients are present during daytime but not as high as they
may be in conventional stabilization ponds. In an attempt to reduce the area
requirements, they found that anaerobic pretreatment will also change environmental and
physicochemical characteristics in the ponds, as the organic matter will be greatly
reduced in the anaerobic reactor. Besides, due to hydrolysis of organic matter, nutrients
will be present in a soluble form ready to be used by the plants. Consequently, the
combination of deep stabilization ponds with UASB seems to have promising results

especially for the land requirement issue. However, some aspects of such systems like
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the issue of depth variation have not been studied sufficiently in literature and therefore

further research is required to test this concern.

No difference in removal efficiency was reported for the effect of anaerobic pretreatment
on nitrogen removal efficiency. Caicedo et al. (2002) compared the nitrogen removal
between stabilization ponds with anaerobic pretreatment (UASB) and stabilization ponds
without pretreatment. She reported that nitrogen removals were slightly higher in the
system without pretreatment but no significant difference was found between the two
systems, nitrogen removal percentages were 35-46% and 40—46% in the lines with and
without pretreatment, respectively. Pond system with pretreatment influent nitrogen was
mainly (90%) ammonium, since organic nitrogen was hydrolyzed in the UASB reactor.
The nitrate concentration in the ponds was therefore low and most of the nitrogen

available to the duckweed was in the form of ammonium.

2.4 Effect of depth on pond performance

The increase in the ponds’ depth (maintaining constant surface area) increases the pond

volume, and then increase the hydraulic retention time (HRT).

2.4.1 Effect of depth on environmental conditions

The biological and physicochemical processes occurring in conventional stabilization
ponds are complex. Depending on the organic loading aerobic, anaerobic and facultative
zones can be presented (Metcalf and Eddy, 1991). Dissolved oxygen (DO) is an
important parameter that significantly affects the environmental conditions and
consequently it affects the removal processes in the treatment system. For example,
oxygen concentrations higher than 1 mg/l are needed to have an efficient nitrification
process (Metcalf and Eddy, 1995). DO concentrations in both algae and duckweed ponds
decreased rapidly with the distance from the water surface, DO also decreases by the
increase in organic surface loading. Literature and previous reports shows that DO in the
water column was higher in ABPs than DBPs, this is justified by the photosynthesis of
algae species (Zimmo, 2003; Caicedo, 2002; Steen, 1998).

11



The sizes of facultative and anaerobic zones are highly affected by pond depth value.
Zimmo (2003) who carried out his researches in 0.9 m depth ponds found that the three
mentioned zones were within the following three depths of each pond: 0 to 37, 37 to 73
and 73 to 90 cm. He reported also that the pH was highest near the surface of the water
column and slightly decreased with the distance from the water surface. Additionally,
Smith and Moelyowati (1999) found that water temperature was highest at the surfaces
than below in all ponds. However, he concluded that differences with depth were not
significant. The effect of depth on the environmental conditions was also studied by
Javed (1995) who used the batch flow reactors. He found that the growth rate of

duckweed was bit lower in 95 cm depth than lesser depths.

2.4.2. Effect of depth on removal of pollutants

2.4.2.1 Effect of depth on nitrogen removal

The effect of depth on nitrogen transformation was not discussed sufficiently in
literature. In comparing the effect of depth in the available literature, the results at lower
depth are more promising for N-removal than that at higher depth (Steen, et al., 1998;
Awadallah, in preparation; Smith and Moelyowati , 1999). Small ponds depth of 30 to 65
cm results in high surface area/volume ratios. It is likely that in DBPs higher surface area
per volume ratio will result in higher nitrogen removal via duckweed uptake (Korner and
Vermaat, 1998; Steen et al., 1998). This will enhance also the surface and/or volume
related processes of nitrogen removal, such as ammonia volatilisation, denitrification and
sedimentation. However, for the case of ABPs, in shallower ponds, the amount of light
available per pond volume is higher compared to deeper ponds. This would result in
higher algae growth and consequently in an increase in oxygen produced via
photosynthesis. This would also favour nitrification, the limiting step for denitrification
and nitrogen removal by sedimentation (Reddy and DeBusk, 1987). These results were
also reported in several studies. Javed (1995) reported that there was significant
difference in nitrogen removal in different depths; he reported a removal efficiency of

TKN of about 86% and 33% at a depth of 10 and 95 cm, respectively.
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Similarly, Korner and Vermaat (1998) reported 73 to 97% removal of the initial TKN
within 3 days in laboratory scale duckweed-covered systems (18.5 cm diameter and 4.5
cm depth, respectively). Buddhavarapu and Hancock (1991) reported NH,;" removal
efficiency of 70% in duckweed-based pond receiving secondary treated domestic
wastewater with NH," concentration of 0.1-10 mg/l. This experiment was conducted in a
pond of 1.8 m depth and a HRT of 13 days. Oron (1985) reported a total NH;" removal
in the range of 40-70% in semi-continuous duckweed ponds. These authors used raw
sewage with initial NH," concentrations of 47.5 £ 16 mg/l and COD concentrations of
318 = 69 mg/l. These experiments were conducted in mini-ponds with water depths of 20
and 30 cm and a HRT of 3 and 10 days. Silva (1982) obtained ammonium removal
efficiency of 81% in a system of depth 1.0 m. Reddy and DeBusk (1985) conducted
outdoor experiments with Limna Minor using simulated wastewater having depth of
40cm, under solar radiation of 500-930 pE/m’.s and ambient temperature of 14-27 °C.
Nitrogen removal was 2.92 Kg-N/ha.day by duckweed uptake. The total removal by their
system was 9.46 Kg-N/ha.day.

2.4.2.2 Effect of depth on total phosphorus removal

Total phosphorus (TP) is the sum of the organic and ortho phosphorus. TP is normally
reduced by plant uptake, adsorption onto clay particles and organic matter, chemical
precipitation and sludge removal (Igbal, 1999). Few data related to effect of depth on
total phosphorus removal is available in literature. Javed (1995) reported that an 88%
removal of total phosphorus in batch flow reactors at a depth of 10cm, whereas at a depth
of 95cm, the removal efficiency was reported to be 24%. However, Zimmo (2003)
reported that TP was respectively 74-79% and 74-92% in 0.9 m depth ABPs and DBPs
during the warm seasons. Moreover, Reddy and DeBusk (1985) observed phosphorus
removal by duckweed uptake at depth of 40 cm to be 0.87 Kg-P/ha.day. Alerts (1996)
reported that the TP uptake by the duckweed plants was reported to be 60-80% of
phosphorus load 0.9 kg TP /ha.day. Finally, Caicedo (2002) who tested the effect of
anaerobic pretreatment for 40 cm depth DBPs fed with institutional wastewater, found
that TP removal efficiencies was 40-46% in the lines with and without pretreatment,
respectively. However, the comparison between the above-mentioned results is

inconvenient due to wide differences in experimental conditions.
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2.4.2.3 Effect of depth on COD removal

Javed (1995) reported that the removal efficiency of COD in the 10 cm depth reactor is
63% whereas in the 95 cm reactor 56%. He concluded that depth is not playing an
important role in the reduction of wastewater COD because other natural activities could
also take place such as sedimentation and biodegradation by microbes. Moreover,
Caicedo (2002) reported an 82% of COD was removed in DBPs (0.7m depth and HRT =
21days) fed with anaerobically pre treated wastewater. Moreover, Bonomo (1997) found
that COD removal efficiency was higher than 75% in 2.3 m depth DBPs fed with
primary settled wastewater. However, Steen (1998) found a 55 + 26% COD removal in a
combined 0.29 m depth-DBPs and ABPs fed with anaerobically pretreated domestic
sewage. Al-Jabari (2003) who tested COD removal in 90 cm depth- DBPs and ABPs fed
with the effluent of UASB, achieved 80% and 70% removal efficiency in DBPs and
ABPs, respectively.

2.4.2.4 Effect of depth on heavy metals removal

Few data and previous reports discussed the effect of depth on heavy metals removal
from wastewater. Abdel Wahab (1995) reported that heavy metals removal does not
depend on water depth but it is dependent on duckweed uptake and biomass-water
contact surface, which are both defined by the water surface area. However, for two
ponds of same surface area with different depth, heavy metals removal is expected to be

higher for shallower pond.

Direct comparison of results from the above studies is not possible due to differences in
HRT, water depths, initial nitrogen concentrations and duckweed species, densities and
harvesting regimes. On the other hand, some studies considered that the behaviour of
ponds that have more than particular depth is similar. For example, Smith and
Moelyowati (1999) suggested in their model for calculating the effluent quality from
DBPs the following equations. The latter assumed the validity of these equations for the
ponds of depth > 60cm. actually, considerable error values could be gained if these

“empirical” formulas were used for deep ponds (>>60 cm depth) because difference in

14



performance is expected to be observed when deep and shallow ponds are compared.
Table 2.2 shows the suggested formulas presented by Smith and Moelyowati (1999) for
calculating effluent quality from DBPs.

Table 2.2. Calculation of effluent quality from DBPs systems.

Parameter Equation Rate Constants
(for depth> 0.6 m)
COD Le=Lie™ K, =0.131(1.065)"°
TSS Se = Si((-1.18/T)Ln(t)+(6.5/T)) —
NH," Ce = Ci0.640e™ K, =0.137(1.009)"
PO," Pe = Pi0.8485¢™ K, =0.012(1.491)"°
Source: Smith and Moelyowati (1999).
Where,

Si and Se: Influent and effluent concentration (mg/L).
T: Water temperature (°C).
t: Time (days).

2.5 Capacity of ABPs and DBPs in nitrogen removal

Higher nitrogen removal in ABPs compared to DBPs was reported in literature. This was
mainly attributed to ammonia volatilization during periods of high temperatures and pH
(Pano and Middlebrooks, 1982). For example, Silva (1982) obtained ammonium removal
efficiency in ABPs of 81%. Similarly, Zimmo (2003) who tested the effect of low, high
temperatures and organic load on nitrogen removal reported that during the low organic
loading period and warm temperature, nitrogen removal efficiency was higher in ABPs
(80%) than in DBPs (55%) despite the fact that approximately one third of the influent
nitrogen to the DBPs is removed via duckweed harvesting. Table 2.3 shows Nitrogen
uptake by duckweed as reported in preceding studies. However, the algal biomass in the
system effluent cannot be easily harvested and consequently nutrients are released again
in the environment upon degradation. On the other hand, one of the major limitations
which have been mentioned in literature for DBPs is the reduced organic matter removal
capacity compared with that of conventional ponds, because of lower oxygen
concentrations (Reed ef al., 1995). Consequently, an integrated system combining ABPs
and DBPs could be a proper solution for nutrients and Faecal Coliform (FC) removal at

reasonable land requirement (Steen et al., 1998).
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Nitrogen removal from the ABP system and DBP system was described in many studies
by the exponential relation: N=N; ¢™, (N|: initial nitrogen concentration, N: nitrogen
concentration at any time (t) along the line of treatment, k: removal coefficient). Table
2.3 shows the result of some previous studies on nitrogen and phosphorus removal in
different countries. Zimmo (2003) found that N-removal rates in ABPs seem to correlate
with BOD loading rates with a correlation coefficient (R”) of 0.65 and with N-loading
rates (R?=0.80), while in DBPs N-removal rates were relatively constant irrespective of
BOD loading rates or N-loading rates. Overall nitrogen removal was higher during warm

temperature in both ABPs and DBPs.

Table 2.3. Nitrogen uptake by duckweed as reported in preceding studies.

Region Species Daily removal Reference
(g/m>.d)

Louisiana Duckweed 0.47 Culley et al. (1978)
Italy L.gibba/L.minor 0.42 Corradi et al. (1981)
USA Lemna 1.67 Zirschky and Reed (1988)
India Lemna 0.5-0.59 Tripathi et al. (1991)
Minnesota | Lemna 0.27 Lemna corporation
CSSR Duckweed 0.2 Kvet et al. (1979)
Bangladesh | Spirodela polyrrhiza 0.26 Alaerts et al. (1996)
Yamen Lemna 0.05-0.2 Al-Nozaily (2001)
Palestine Limna gibba 1.31 Zimmo (2003)

Source: (Zimmo, 2003)

2.6 Main nitrogen removal pathways and mechanisms in ABPs and DBPs
2.6.1 Nitrogen removal pathways

Nitrogen compounds are reduced from DBPs and ABPs by sedimentation of SS with
organic nitrogen, ammonia volatilization and nitrification and denitrification. Moreover,
Zimmo (2003) reported that, N-removal by different mechanisms in both systems (ABPs
and DBPs) appeared more dependent on the pH variations than on oxygen variations. At
high pH range (7-9), N-removal efficiencies were significantly higher compared to low
pH range (5-7) in both systems irrespective to oxygen condition. Moreover, at high pH
values of 7 to 9, the increase in N-removal by sedimentation and volatilisation in the
algae system and the decrease in N-uptake by duckweed in the duckweed system which
result in significantly higher N-removal efficiency in the algae system than the duckweed

system (Zimmo, 2003).
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Sedimentation is considered as one of the important fluxes for nitrogen transformations.
Literature shows that the amount of sediment is dependent on pH value (Zimmo, 2003).
Sedimentation in the form of particulate organic nitrogen (probably decaying algae
biomass), was considered as the largest nitrogen flux in ABPs. The amount of algae
growth is therefore an important factor in determining the amount of nitrogen
accumulated in the sediment (Zimmo, 2003). Ferrara and Avci (1982) found that
sedimentation was the main removal pathway. On the other hand, in DBPs with
anaerobic pre-treatment, sedimentation was of minor importance because almost 90% of
the nitrogen in the influent was in the NH," form (Caicedo, 2002). Consequently, the
total contribution of sedimentation to the removal can be calculated as about 6% (Steen
et al., 1998). Therefore, the smaller amount of sediment produced in duckweed ponds in
comparison with algae ponds will result in less frequent desludging requirements

(Zimmo et al., 2000).

2.6.2 Nitrogen removal mechanisms
2.6.2.1 Nitrification and denitrification in ABPs and DBPs

Nitrification and denitrification processes are considered as major nitrogen removal
mechanisms. Autotrophic nitrification is achieved in two steps that are catalyzed by

different species of nitrifying microorganisms:

Nitrosomonas

NH; +150, — > NO, +2H" + H,0 (1)

NO, +0.5 0, — = NOy )
Nitrification represents the bottleneck for nitrogen removal via denitrification. According
to literature, many conditions affect the efficiency of microorganisms responsible for the
nitrification and denitrification processes; autotrophic nitrification for example, is
affected by temperature, pH and DO. Nitrification takes place in all locations where DO
values were higher than the critical threshold of 0.5 mg/L (Taylor and Bishop, 1989).
The optimum temperature for occurrence of nitrification is between 25 to 35 °C and the
optimum pH is between 7 to 8 (Metcalf and Eddy, 1991). However, heterotrophic

nitrification in the sediment could take place by heterotrophic nitrifying bacteria that can
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oxidize both inorganic and organic nitrogen compounds (Van Luijn 1997; Verstraete and

Alexander, 1973) at low oxygen concentration (Laurent, 1971).

Nitrifiers are known to prefer attachment to solid surfaces (Focht and Verstraete, 1977;
Underhill and Prosser, 1987; Verhagen and Laanbroek, 1991). In DBPs, the presence of
a duckweed mat provided additional surface for the attachment of nitrifiers that in role
enhances nitrification process. Consequently, low volume to surface/mat ratio has also
similar effect (Zimmo, 2003). Practically, this fact has to be considered in the design of
DBPs, because, the intensive harvesting can reduce the possibility that nitrifying bacteria

would thrive on plants’ surface or root zone (Alaerts et al., 1996).

For anaerobic pretreatment conditions, complete ammonification of the organic nitrogen
occurs in the anaerobic reactor (Steen et al., 1998). Nitrification and ammonia
volatilization can occur in the oxidized root zone of duckweed, while denitrification
occurs in the reduced environments in the water column or in the sediments. Because of
low depth of the aerobic layer, the nitrification step of the coupled nitrification
/denitrification process is the rate limiting one (Caicedo, 2002). Conversely, Zimmo et
al. (2002) mentioned that the presence or absence of DO was associated with the
presence of NOs". For the ABPs systems, pH is correlated with high algae growth that
eventually contributes to removal, either via sedimentation or by providing substrate for
attachment of nitrifying bacteria in pond water enhancing nitrification and subsequently

denitrification.

Contradictory results were reported about the importance of this process as a nitrogen
removal mechanism. Ferrara and Avci (1982) stated that nitrification does not occur in
stabilization ponds under normal conditions. In some studies on macrophyte systems,
denitrification was referred to as unaccounted for nitrogen and found to contribute for
10-20% to the nitrogen loss (Alaerts et al., 1996; Hanif, 1998; Steen et al., 1996).
However, Zimmo (2003) claimed that low concentrations of both nitrite and nitrate (3.1
mg-N/L and 3.6 mg-N/L respectively) do not prove that nitrification does not occur in
ponds and in fact this may be due to efficient denitrification. Similarly, Van Luijn (1997)
stated that this mechanism could account for considerable N-removal (65% of the

nitrogen removal by denitrification).
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2.6.2.2 Nitrogen volatilization in ABPs and DBPs

The optimum pH and temperature for nitrogen volatilization occurrence are 9.4 and
20°C, respectively (Awadallah, in preparation). Contradictory conclusions were drawn
on the importance of ammonia volatilisation. Some researches considered ammonia
volatilization is the main pathway for nitrogen. For example, Pano and Middlebrooks
(1982), in accordance with King (1978), Silva et al. (1995) and Soares et al. (1996),
argued that ammonia volatilisation largely explains total nitrogen removal from ponds.
Steen et al. (1998) reported that in ABPs, the raised pH shifts the equilibrium between
ammonium and NHj towards the latter. Nevertheless, no complete nitrogen mass balance
was carried out in these studies. Recently, Zimmo (2003) found through experimental
evidences that ammonia volatilization in ABPs and DBPs was found to be a minor N-
removal mechanism responsible for less than 1.1 % of total influent nitrogen. However,

the main pathway for nitrogen was through nitrification and denitrification processes.

2.6.2.3 Incorporation of nitrogen into biomass

In pond system, N-removal can occur via uptake by biomass attached to container wall
and in the sediment. However, DBPs are able to remove nitrogen through new pathway,
which is uptake of nitrogen by duckweed species (Igbal, 1999). Nitrogen removal
through uptake by duckweed ranges from 19-33% of total nitrogen, depending on the
organic loading rate and temperature (Zimmo, 2003). Nitrogen removal in DBPs is
therefore influenced by the plant species and density of plants. Frequent harvests are

necessary to sustain high levels of nitrogen removal (Reed, 1988; Zimmo, 2003).

2.6.2.4 Nitrogen fixation

Zuberer (1982) and Duong and Tiedje (1985) demonstrated nitrogen fixation associated
with duckweed covers. In this process, atmospheric nitrogen is reduced to NH4", which is
subsequently incorporated in biomass. Nitrogen fixation usually does not occur if
ammonia is present in the environment because in the presence of ammonia nitrogenase
synthesis is suppressed by a phenomenon called the "ammonia switch-off" effect (Brock

et al., 1991). Duong and Tiedge (1985) reported N-input in naturally occurring
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duckweed-cyanobacterial associations of 1-2 mg-N /m?.d. This value is low compared to
the total amount of nitrogen fed to the treatment ponds via the wastewater (possibly 1-2
g-N/m”.d). N-fixation therefore is not likely to affect the overall nitrogen balance in

wastewater treatment ponds (Zimmo, 2003).

2.7 ABPs and DBPs removal capacity for other parameters

2.7.1 (Bio) chemical oxygen demand (BOD&COD) removal

The major factor responsible for BOD and COD removal is O, production, which is the
same for facultative stabilization ponds. Duckweed plants create the environment for
treatment but contribute very little directly to the removal of BOD (Reed, 1988).
Conversely, Zimmo (2003) who compared the efficiency of ABPs and DBPs reported
that better removal of BOD and COD in DBPs. Similarly, Korner et al. (1998) concluded
from laboratory studies with Lemna gibba that heterotrophic uptake of small organic
compounds is not important. Nevertheless, they found that COD removal was
significantly faster in the presence of duckweed than in uncovered controls. This result
could be attributed to lower algal development and better sedimentation due to effect of
shading and quiescent conditions provided by duckweed cover. The effect of anaerobic
pretreatment on organic matter removal was investigated by Caicedo et al. (2002) who
found that the stabilization ponds with and without anaerobic pretreatment were efficient
in removing organic matter. However longer HRT was required for the ponds without
pretreatment in order to reach a removal efficiency equals to the effluent of the anaerobic

pretreatment unit (UASB reactor) which was 82% of COD and 92% of BOD.

2.7.2 Total suspended solids (TSS) removal

TSS is mainly reduced by the process of sedimentation and biodegradation of organic
matters. For achieving effective sedimentation, it is important to increase the retention
time of slowly degradable organic matter. Suspended solids removal in a duckweed-
covered basin should be more effective as compared to conventional stabilization ponds
due to the control of algal growth and the improved quiescent conditions under the

surface of mat (Reed, 1988). Moreover, TSS can also be removed in DBPs by the
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adsorption on the root system. Fractions of adsorbed solids are degraded and part of
degraded products may be assimilated by the plants. DBPs system can consistently bring
final effluent (TSS) to below Smg/L (Skillicorn et al, 1993). Velocity and HRT plays an
important role in removal of suspended solids, consequently the purpose of
sedimentation pond prior to duckweed based wastewater treatment lagoons is to reduce
the suspended solids in the raw wastewater, and this prevents excessive sludge
accumulation in duckweed pond. Bonomo et al. (1996) tested TSS removal in DBPs.
They reported that TSS removal efficiency was good in the whole experimental period
(50-80%) TSS effluent concentration ranged between 26 to 54 mg TSS/L. Similar
removal efficiency (80%) of TSS has been reported in literature for DBP systems
(Mandi, 1994; Bonomo et al., 1996; Zirschky and Reed, 1988).

2.7.3 Pathogen removal

Pathogen die-off results from complex interactions of several factors such as light
radiation, depletion of nutrients, microbial antagonism. The presence of antibacterial
substances produced by algae and high oxygen concentrations (Polprasert et al., 1983;
Pearson et al., 1987; Saqqar and Pescod, 1992). Nevertheless, bacterial pathogens would
likely be removed to somewhat lesser degree in duckweed ponds than algae ponds
because of the restricted sunlight penetration and the absence of very alkaline conditions,
which occur during the daytime in algae ponds. On the other hand, ABPs systems can
effectively reduce pathogen counts to a level low enough for the effluent to be used for
restricted irrigation (WHO, 1989). Similar result was achieved by Zimmo (2003) who
reported that the environmental conditions in the DBPs were not favorable for pathogen
decay, due to reduced light penetration. Consequently, DBPs are able to satisfy the
WHO guideline at higher HRT (21 days during the summer and more than 28 days
during winter) in comparison with ABP system (Zimmo, 2003; Igbal, 1999; Steen et al.,
1999). Accordingly, if the effluent from the duckweed ponds must comply with
microbiological guidelines for reuse for agricultural irrigation, then algae ponds should
usually be included in the treatment system, which could reduce land required to achieve

guidelines for reuse (Steen et al., 1999).
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2.7.4 Heavy metals removal

Heavy metals can be reduced from DBPs by sedimentation as sludge, plant uptake
(copper and arsenic) and absorption during polishing processes. However, heavy metals
can influence the performance of treatment in DBPs if concentrations of iron, zinc,
aluminum, chromium, and copper in the wastewater are higher than 20 mg/L, 20 mg/L,
0.1 mg/L and 1 mg/L, respectively (Boniardi and Rota, 1998). Duckweeds could be
specifically applied as bio-accumulators for heavy metals, although the information
about their capacity to remove heavy metals from wastewater is still limited (Doyle,
1977; Clark et al., 1981; Charpentier et al., 1987). However, Clark et al. (1981) found
that after bioaccumulation duckweeds are also able to release Cu and Cr again when
placed in a metal free solution. The maximum heavy metals removal capacity depends on
local aqueous concentrations as well as on growth and harvesting conditions of
duckweed, because equilibrium is established between the metal concentrations outside
and inside the plants. Cr can be better removed from the solution than Cu (75-100%
against 35-40%). Nevertheless, bioaccumulation is toxicity exerted by the heavy metal,
especially Cu (III). Therefore, this limitation for duckweed has to be taken into
consideration when the harvested duckweed is to be used as fodder for fish and animals

(Abdel-Wahhab et al., 1995).

2.8 Design considerations

Adequate primary treatment of raw wastewater is indispensable prior to duckweed
treatment (Bonomo, 1996). Anaerobic pretreatment in earthen sedimentation ponds with
a clay lining or closed settlement tanks are a good option for primary treatment.
Duckweed treatment systems can both be designed and operated as plug-flow or batch
systems. Continuous flows through lagoons are suggested for medium-scale applications
at community or urban level. Ponds operated as batch reactors are commonly
encountered at village-level. Optimum water depths are reported between 0.4 and 1 m
(Smith and Moelyowati , 1999). Plug-flow design should allow a HRT of at least 20 days
with a length to width ratio of 1:10 or more. In general, a narrow pond design is more
suitable as it allows operational work to be carried out from the pond perimeter and

avoids direct contact of workers with the wastewater (Awadallah, in preparation). A
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floating bamboo or plastic containment grid system is required to prevent the plants from

drifting to the shore by the action of wind and water current (Gijzen, 1997).

2.8.1 Hydraulic retention time

HRT is a determining factor for the removal efficiency in WSP systems (Igbal, 1999).
Increasing the retention time of slowly degradable organic matter was reported to be
important for achieving effective sedimentation and nitrogen removal. HRT for reducing
organic matters depends on the influent BOD, but 10 to 20 days is acceptable to reduce
BOD to 30 or 20 mg/l. Best results for filtered BODs removal were obtained at HRT of
20 days. However, effluent with a HRT of 10 days was also suitable for irrigation
purposes (Oron and Porath, 1987). Furthermore, Silva (1982) obtained ammonium
removal efficiency of 81% in a system of (1.0 m) depth and HRT of 29 days. Similarly,
Middlebrooks et al. (1982) reported higher removal values in systems with very long
hydraulic retention times of 227 days. Zimmo (2003) found that annual nitrogen removal
efficiencies in ABPs and DBPs of 0.9 m depth were respectively 73% and 54% after 28
days retention time. HRT in WSPs is a function of the seasonal and climatic conditions.
Experiments on duckweed for example showed that needed HRT for nutrient removal in
winter is 3 times more than in summer (Wildschut, 1983). Zimmo (2003) reported that
DBPs is able to satisfy the WHO guideline at 21 days during the summer and more than

28 days during winter.

On the other hand, the longer the retention time causes more anaerobic conditions and
lower protein content of duckweed produced which deteriorates the nutritional value of
the harvested duckweed. Oron and Porath (1987) reported that Protein contents of 25%
was found at a HRT of 5 days were large, dark plants with small roots were observed.
This was the indication of favorable growth conditions. However, this percentage was
reduced to 15% at HRT of 20 days where small but pale green plants with long roots
were found probably due to shortage of nutrient supply. Longer HRT in DBPs system
requires fewer days to obtain steady state conditions. Once the system reaches steady
state, at shorter HRT the appearance of the plant is healthier. Consequently, an

optimization is required between the HRT, effluent quality and nutritional value of
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duckweed. In fact, these variables depend also on the regional climatic conditions, type

of reuse and the legislations for effluent quality.
2.8.2 Organic loading rate

Organic loading rate (OLR) plays a major role in determination of the biological and
“complex” physicochemical processes occurring in conventional stabilization ponds
(Metcalf and Eddy, 1991). Organic loading rate was reported to affect FC and TSS
removal efficiency. However, organic loading rate was reported to have no effect on total
phosphorus (TP) and total nitrogen (TN) removal efficiency in DBPs and ABPs
(Zimmo, 2003). Moreover, Steen (1998) reported that no effect was noticed on
duckweed growth rate when COD 4, was changed. Likewise, Caicedo (2002) found that
efficiency of DBPs was almost constant in removal of COD and BOD regardless to OLR

variation and anaerobic pretreatment.

2.8.3 Land Requirement

The major limitation for the application of algae-based or duckweed-based ponds
technology for wastewater treatment at large scale is the large area needed, which is
estimated at about 5-7 m*/capita (excluding associated facilities) depending on influent
strength of wastewater and effluent guideline requirements (Mara and Pearson, 1998).
However, optimization of the ABPs and DBPs systems may reduce the area requirement
considerably making these systems more attractive (Zimmo, 2003). In reality, ponds are
designed such that the effluent complies with WHO (1989) microbiological quality
guidelines for restricted irrigation (<1,000 FC/100 ml). One of the methods suggested to
maintain smaller HRT with smaller land requirement, is using deeper ponds. The
advantages of treating urban wastewaters in deep ponds (>3m), as opposed to traditional
shallow ponds, lie in the smaller area of land needed, the greater capacity for water
storage and regulation and the smaller water losses through evaporation, which is an
important consideration when the treated wastewater will be used for irrigation.
However, this issue still needs to be further studied. The feasibility of conducting

wastewater treatment in deep ponds has been proven in several studies carried out in the
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region of Murcia, SE Spain. This region is characterized by a Mediterranean climate

(Soler et al., 1981, 1988, 1991; Moreno, 1984; Berna ef al., 1987; Moreno et al., 1988).

2.9 Contribution of microorganisms in treatment

There is a variety of microorganisms in wastewater treatment systems that contribute in
treatment. DBPs and ABPs have the capability to purify wastewater in collaboration with
both aerobic and anaerobic bacteria, depending on the organic load and oxygen input
(Steen et al., 1998). In WSPs three zones in the water column could be distinguished,
these are the aerobic zone (Skillicorn et al., 1992), the anoxic zone, and the anaerobic
zone. In the aerobic zone, organic materials are oxidized by aerobic bacteria using
atmospheric oxygen transferred by duckweed roots. Heterotrophic nitrification and
denitrification take place in anoxic zones, where organic matter is decomposed by anoxic
bacteria into ammonium and ortho-phosphate, which are intermediate products used as
nutrients by the duckweed (Metcalf and Eddy, 1991). Organic matter in the bottom of the
ponds is decomposed by anaerobic bacteria and this produces gases such as carbon

dioxide (CO,), hydrogen sulphide (H,S) and Methane (CH4) (Metcalf and Eddy, 1991).

2.10 Duckweed growth conditions

Growth rates of duckweed systems are function of water temperature, wastewater
composition (Landolt, 1986), procedure for plant harvesting and HRT (Oron and Porath,
1987). Conditions affecting the growth of duckweed accordingly, can be divided into
environmental conditions and wastewater characteristics. Nevertheless, stress factors on
duckweed growth are nutrient scarcity (Edwards et al., 1992) toxins, (DeBusk and
Ryther, 1981), extremes of pH (Zirusky and Reed, 1989) and temperature (Oron and
Porath, 1987), crowding by overgrowth of the colony (DeBusk and Ryther, 1981) and
competition with other plants for light and nutrients (Wildschut, 1993).
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2.10.1 Environmental conditions affecting growth of duckweed

2.10.1.1 Temperature

Duckweed is more tolerant to temperature than water hyacinth. A minimum temperature
of 7 °C has been suggested as practical limit for growth of duckweed (Reed, 1988).
Lemna gibba can be grown at lower temperature (1 to 3 °C) (Wildschut, 1983). Some
species of Lemnaceae, such as Limna gibba, can vegetate at temperature from -3 °C up to
30 °C (Oron et al., 1985). Optimal temperature range for maximum growth is reported to
be 17.5 to 30 °C with upper tolerance limit of 34 °C .A mat of duckweed heats up in sun
faster than a water column below it, sometimes difference at several centimetres below
approaches 8 °C (Javed, 1995). A full thick mat of duckweed plants may have a
temperature of about 10 °C above the ambient air temperature due to radiation effects
(Zischky and Reed, 1989). Nutrient content in duckweed are lower in summer due to
high growth rates (more biomass/unit area) and higher in winter due to slow growth rate
and luxurious uptake (Reddy and DeBusk, 1985). Acute heat stress can be managed by
spraying water or physically immersing the crop. Shading with bamboo and banana

trees, or taro plants can also moderate temperature (Javed, 1995).

2.10.1.2 Light intensity

The plants can grow in full sunlight as well as in dense shade. Different species of
duckweed have different behaviour with respect to the light conditions. Wolffia does
better under dark conditions, whereas Limna gibba does better in sunlight (Zirschky and
Reed, 1988). Moreover, it has been reported that Lemnaceae are able to use
carbohydrates as its energy source under non-saturated light condition (Landolt, 1986). It
is also known that lemnaceae can be grown in complete darkness if organic substances
such as sugars are added to the nutrient solution (Landolt, 1986). Moreover, Steen (1998)
reported that the very intense radiation of the Negev desert (300-600 W/m” average daily

global radiation) did not reduce the duckweed production.

2.10.1.3 Wind diffusion

The main problem of wind diffusion with duckweed is the fact that wind may blow it to
the sides of the pond and algal growth would takeover in the cleared water. As duckweed

mats are susceptible to the wind, floating booms or cells hold the plants in place.
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2.10.1.4 Algal activity and toxins

Algae are the primary competitor of duckweed for nutrients as it grows faster. Algae
dominance results in diurnal high pH and production of free ammonia which can become
toxic to duckweed. Filamentous algae are more harmful to duckweed as they wrap
themselves around the plant roots causing the fronds of duckweed to shrivel and finally
to die (DeBusk et al., 1976; Lin, 1982). Extracts of some blue green algae are known to
inhibit growth (Entzoroth ef al., 1985). It was also observed that cyanobacterin which is
released by the blue green algae inhibits the growth of Lemna (Landolt, 1986). One of
the practical solutions for inhibition of growth of algae is to maintain relatively high

density of duckweed with daily harvest reducing open areas of open water.

2.10.2 Wastewater characteristics

Duckweed grows on a wide range of quiescent or slow-current waters, and relatively
polluted waters, saline waters and eutrophic water bodies (Oron et al., 1986). However,
in addition to the aforementioned external factors, duckweed growth is highly affected
by the concentrations of pollutants in wastewater. The following discussion comprises

criteria of wastewater characteristics in which duckweed can survive normally.

2.10.2.1 Nutrients concentration

Growth rate of duckweed decreases when TKN and P concentration were less than 3
mg/L and 0.3 mg/L, respectively. However, the growth rate of duckweed was shown to
be independent of N and P if higher than 10 and 2-3 mg/L, respectively (Edward and
Hassan, 1992; Rejmankova 1982; Skillicorn et al., 1993). Economically, the lack of
nutrients affects the nutritional value of duckweed as plant protein drops to 10% (Javed,
1995). On the other hand, High loadings of nutrients (ammonia in particular), surfactants
and compounds with herbicidal properties affect the growth rate. Especially surfactant
can dissolve duckweed protective waxy coating making plants more vulnerable to fungal

infection (Skillicorn et al., 1993).

27



2.10.2.2 pH value for wastewater

Zirschky and Reed (1988) reported that typical pH range is 4.5-7.5, though duckweed
growth is completely inhibited only at pH greater than 10, while Landolt (1986) found
that duckweed could survive at pH of 5 to 9 but grows best in 6.5 to 7.5. When pH is less
than 7, ammonia can be in its ionized state as NH,4 which is the preferred form of
nitrogen for the plant. According to Wildschut (1983) duckweed can tolerate a wide
range of pH from 3 to 10 but for optimal growth rate it should be 5 to 7. The complete

duckweed cover suppresses the algae which suppresses the elevating effect on pH.

2.10.2.3 Ammonium and ammonia concentration

NH," is the preferred form of nitrogen for duckweed over NO;™ as their source of
nitrogen (Landolt, 1986). NH," is available in the wastewater as about 65% of TKN. It is
produced as a result of hydrolysis of organic nitrogen at anaerobic conditions. In aerobic
conditions, NH, " is oxidized to NOs", while in anaerobic conditions; the nitrogen balance
is transformed in favor of NH,;" over NO3". Toxicity of NHy4 is pH dependent; as pH goes
high, the % fraction of NHj of total (NH4Jr + NHj3) in the water increases, for instance at
pH of 8, only 5% is NHj3, while at pH of 9.2 results 50% of NH3 (Koning ef al., 1987).
Moreover, Caicedo (1995) reported that the NHy" itself appeared to be the inhibitor
specially at low pH, because when the plant absorb NH," it breaks into NH; to be
absorbed and H' stay out of the cell in the solution, and hence not the NH; is the
inhibitor but H™ (low pH).

Rejmankova, (1979) stated that duckweed can tolerate N- concentration up to 375 mg/L,
however, it is not specified that the nitrogen was in the form of NH; . However, Zimmo
(2003) claimed that NH," concentration of 200 mg/L is too high for Lemna Gibba. High
concentration of NH,", makes the colour of plants darker, however the plants and roots
get smaller at high concentration of NH4 " (Wildschut, 1983). At NH3-N concentrations of
3 mg/L, the growth rate was inhibited by 20% and at 7.16 mg/L about 50% (Wang,
1991). Plants in prolonged direct contact with NH; gas will usually die rapidly (Ghosh,
1994). Likewise, Zimmo (2003) found that NH3 concentrations of 5 mg-N /L and higher

caused the death of duckweed within 2 days of its exposure to that concentration.
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Comparable values of ammonia toxicity to duckweed were reported in studies of Wang
(1991) and Clement and Marlin (1995) whereas Caicedo et al. (2000) reported ammonia
toxicity for Spirodela polyrrhiza already at lower values. The latter reported that a
negative effect on growth of Spirodela at higher concentration than 50 mg (NH; +
NHj3)-N/L.

2.10.2.4 COD concentration

Mandy's experiment proved that DBPs systems tolerate maximum influent COD
concentrations from 300 to 500 mg/L. (Mandi, 1994) but lacks the ability to grow on

undiluted domestic wastewater or industrial wastewater (COD 1667 mg/L).

2.10.2.5 Dissolved oxygen (DO) concentration

DO in wastewater is one of the most important parameters that determines the
wastewater physicochemical and biological characteristics, correspondingly aeration may
increase the treatment performance, but unless it is managed carefully it will disturb the
duckweed mat in DBPs and generate open areas, which will reduced the removal

efficiencies (Smith and Moelyowati , 1999).

2.10.2.6 Heavy metals concentrations

Duckweeds can be applied as bio-accumulators for heavy metals, although the
information about their capacity to remove heavy metals from wastewater is still limited
(Doyle, 1977; Clark et al., 1981; Charpentier et al., 1987). Abdel Wahaab et al. (1995)
reported the uptake rates of heavy metals by duckweed mat were 80-333 and 250-667
mg/d.m? for Cu and Cr (III), respectively. He concluded also that Cu is toxic at 1.0 mg/L,
resulting in plant death after 8 days. Clark ef al. (1981) reported that exposure to the high
Cu level, resulted in plants started decaying (Yellowing of fronds) releasing part of the

Cu again.
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2.11 Harvesting of duckweed

The duckweed biomass can be easily harvested by skimming the plants from the surface.
In large systems, this could be mechanized, but in smaller ponds, it could be done
manually by a simple kind of fork. Seed stock should have a density of 600 to 900 gm
wet-weight/m” (Skillicorn et al,, 1993). PRISM (1992) also suggests based on extensive
field experimentations for an initial stock density of at least 600 gm wet weight/m”.
However, it is important to avoid crowding of duckweed after passing the startup period
because crowding decreases the doubling rate of the colony. Crowding reduces not only
the crop growth rate but also the average age of the frond population, which weakens the
resistance of the colony to be attacked by the predators like aphids, snails or fungi. The
dense crop average also reduces DO and suppresses nitrifying bacteria. However, once
the duckweed recovers its optimum density, the algae disappear rapidly (Oron and
Porath, 1987). The aim of biomass production system is to generate a valuable by-
product. This could increase the economic feasibility of treatment schemes, especially in
developing countries. It is therefore essential to optimize the duckweed production per
unit area, rather than nutrient removal. Ponds with long retention times are expected to
have low nutrient concentration, and therefore reduce duckweed production (Whitehead

et al. (as quoted by Steen, 1998), 1987; Alaerts et al., 1996).

2.12 Mosquitoes and odor control

Mosquitoes, larvae and odor development are considered also as other limitations for
WSPs. The large volume porous foliage of the water hyacinth plant above the water
surface produces excellent conditions for mosquito larva development (Oron ef al.,
1985). However, in case of duckweed the situation is entirely different. As long as a
thick surface mat is maintained, mosquito larvae will not be able to penetrate a fully
developed duckweed mat and cannot survive in the anaerobic water beneath the surface
cover. Consequently, it cannot create a problem (Anon, 1989; Reed, 1988; Wildschut,
1983). This fact is considered on of the advantages of DBPs over ABPs. However, the
dense cover of duckweed prevents oxygen from entering the water by diffusion. The fact,

together with the lack of photosynthetic oxygen production by phytoplankton, makes the
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water largely anaerobic (Brix, 1991; Culley and Epps., 1973) which may increase the

opportunity for odor creation.
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Chapter Three

Materials and Methods

3.1  Experimental set-up

In order to perform this study a pilot scale treatment plant was constructed in Al-Bireh
Wastewater Treatment Plant at Al Bireh city 15 Km north-east Jerusalem-West Bank-
Palestine. This study was performed during the period from May to November 2004. The
study was intended to test the effect of depth on nitrogen removal in DBPs only.
However, after detection of duckweed death in the ponds, the system was altered into
ABPs system. The first period extended from the beginning of the experimental period
until the fourteenth week of the research (2/5/2004 to 18/8/2004). However, the second
period was from the fifteenth to the twenty-fourth week of the experimental period
(18/8/2004 to 31/10/2004). The selected duckweed species was Lemna gibba. The
climatic conditions in the two experimental periods were considered as mostly summer
climates (range of temperature was from 20 to 30 °C), humidity 60-70%, radiation 150-
260 Watt/m?, and wind speed is 2.3 to 2.6 m/s (ARIJ, 1996).

3.2 Source of duckweed

Limna gibba species were collected from a pilot DBP system located in the campus of
Birzeit University-Palestine. The mentioned DBPs system consists of four ponds laid out
in series. The dimensions of each pond are 1m width, 3m length and 0.9m depth. They
were fed with institutional wastewater from the university campus. Lemna gibba was
collected from these ponds equally throughout the periods from May to the beginning of
July. These ponds were used as pilot treatment plants for previous studies, but they were

left since at least one year without operation or maintenance.
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3.3 Source of wastewater

The influent wastewater to the pilot plant was pumped from the grit removal chamber of
Al-Bireh wastewater treatment plant (AWWTP). This wastewater is conveyed via sewer
system from Al-Bireh city. This wastewater is classified as municipal wastewater
because it is conveyed by the sewer system from Al-Bireh city mixed with some
industrial wastewater from small factories and from sewage vacuum tankers that dispose
their collected load from different sources in the near manholes leading by sewer line to

the mentioned treatment plant.

COD concentration in the influent sewage from the grit chamber at AWWTP was
measured several times during the research experimental period, grab samples were
analyzed every month. The average value for COD was 1275 + 84 mg/L. Nevertheless,
industrial wastewater shock loads were received by the treatment plant either through
sewer system or through sewage vacuum tankers that discharge their loads in the near
manholes of the main sewer line leading to the grit chamber at AWWTP. The impact of
industrial wastewater shock loads were clearly noticed through the notice of change of
wastewater color, and the sudden temporarily shift in COD value and other parameters

values of the effluent from the UASB-septic tank and the receiving stabilization ponds.

3.4  System description

The pilot scale treatment plant (Figure 3.1) consists of a UASB-septic tank of 4 days
HRT (250 cm height, 64 cm diameter, and 0.8 m’ volume). This reactor acted as a
pretreatment unit for the influent wastewater from the influent line of AWWTP, it had
been started up by Al-Shayah (2005). Three parallel lines of aluminum circular tanks,
each consists of three equal tanks with a total HRT of 28 days. The pretreatment and post
treatment units were interconnected by a (160 L net volume) holding tank in which the
effluent of the UASB is received. The upper side of the holding tank is connected to the
overflow line from which the excess pretreated wastewater returns back to the grit
chamber. The bottom of the tank is connected to the pumping unit (two pumps)
“MasterFlex Consule analog L/S”. These pumps have a variable speed; they have

peristaltic motor drive, used with pump head and peristaltic tubing. One pump was
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pumping to the deepest ponds line (with a flow rate of 59.0 L/day). The second pump
was calibrated to pump to the other two lines at a flow rate of 39.0 and 20.0 L/day,
respectively. The flow rates of the pumps were recalibrated twice a week in order to

maintain the same preset flow in the corresponding lines.
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Fig. 3.1 Schematic diagram for the stabilization ponds based pilot treatment plant; the figure
shows the suction location, required pumps, holding tanks, UASB-septic tank, and the three lines
of stabilization ponds. The figure shows also each pond with its’ corresponding code (which is
used later to describe the pond) and depth.

The circular tanks (ponds) were made from a metal in order to maintain water tightness.
They were arranged in three parallel lines with three ponds of the same size (depth) for
each line. The depths of the first, second and third line ponds were 90, 60, and 30 cm,
respectively. All of the ponds were made in a similar diameter (88 cm); the selection of
the ponds dimensions based according to the available materials in the market. Their
material was selected in order to simplify their transportation after manufacturing. The
range of error in dimensions was considered in order to maintain a similar HRT (28
days). Baffles at the outlet of each pond were installed in order to reduce short-circuiting
and prevent the transfer of floating materials to the consecutive ponds. Moreover, the
inlet pipe to each pond was mounted to feed at 15-20 cm above the bottom of the pond.
Finally, the effluent of the ponds is conveyed by PVC pipes back to the grit chamber (by
gravity). Figure 3.2 shows a typical pond with some key details.
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Batch experiments

In parallel with period one and two, batch experiments were performed for testing
duckweed survival in different dilutions and for investigating the effect of thermal and
radiation stress. These tests were performed using a number of similar white color
buckets of 27 cm length and 26 cm diameter and 15L volume, moreover two cultures
were maintained during the experimental periods of 40 cm length and 34 cm diameter,
these cultures were maintained at 1:1 and 3:1 pretreated wastewater concentrations

(wastewater: fresh water), respectively.
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Fig. 3.2 Top view for the ponds of depth 30, 60, and 90 cm, respectively (a,b and c) and the
dimensions of the above mentioned ponds(d,e and f). All dimensions are in meter otherwise
mentioned.

3.5  Main research periods

The overall research period was 24 weeks. In the first 14 weeks, the ponds were operated
as duckweed based ponds, while in the other 10 weeks, the ponds were converted to
algae based ponds. The operational conditions were maintained the same for the two
periods, the meteorological factors were almost similar for the two periods. In the first
experimental period, duckweed ponds were covered with plastic sheet for 12 weeks (5
days/week). The reasons for covering were that algae blooms were noticed at the surface
of the stabilization ponds that expected to be the reason for death of duckweed.
Moreover, to avoid probable stress caused by direct exposure to solar radiation, (or a

combination of the two factors) that was expected to cause death of duckweed.
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Therefore, the role of the mentioned cover was to decrease direct radiation on the ponds
surface and therefore to prevent algal growth and thermal stress. Moreover, sufficient
aeration was maintained to the ponds surface for replenishment of oxygen for the

duckweed and maintaining aerobic conditions at the surface of water column.

3.6  Design parameters of stabilization ponds

The stabilization ponds were operated under continuous flow, at ambient temperature
conditions with temperature variation between 15 °C and 35 °C. The operated flow rates
were calibrated to maintain equal total HRT of 28 days in each line. Applied flow rates
for the three lines (90, 60 and 30 cm) were 59, 39 and 20 L/d, respectively A
considerable difference was found in the volumetric loading rate for DBPs compared to
ABPs, the organic loading rate for the three lines in each line was 25.0 and 11.8 g
COD/m’.d in DBPs and ABPs respectively. Table 3.1 shows the volumetric loading rates

for each pond in the two experimental periods.

Table 3.1. Organic loading rates (g COD/m3.d) for each pond during DBPs and ABPs periods.

Parameter P1L1 P]Lz P1L3 P2L1 P2L2 P3L2 P3L1 P2L3 P3L3

OLRpgps 75.0 75.1 75.0 47.9 40.9 32.1 31.6 22.8 26.7

OLR 5pps 35.5 35.5 35.4 21.2 24.7 23.0 19.9 22.3 21.4

3.7  Wastewater sampling

Wastewater grab samples of 300 ml were collected weekly from the influent (effluent of
the UASB-septic tank) and the effluents of the nine ponds. The samples were collected
for conducting all the chemical analyses each time in the laboratory. However, the other
phisico-chemical analyses as temperature, pH, and dissolved oxygen were directly
measured in situ in the ponds and the influent. On the other hand, the volume of the
samples that were collected from the batch flow buckets was 50 ml for each sample. All

of the tests were performed on the same day of sampling.

3.8  Wastewater sampling point

The test wastewater samples were collected from the top 5 cm of the wastewater surface.

The samples were collected from the nearest point to effluent pipes (Figure 3.3). The
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influent samples were collected from the pipes connecting the holding tank with the
ponds. The samples from the buckets were collected also at a depth of 5 cm beneath the

surface level.

R0.50 baffle
Outlet
Inlet : :
Sampling point

(a)

Ponds' Body 1m Qia galvanized Baffle
steel cylinder

Outlet Pipe

Inlet Pipe
(4" PVC Pipe)

(4" PVC Pipe)

1
<

(b)

Fig. 3.3 Schematic diagram for a typical stabilization pond; (a) shows the top view and (b)
shows a longitudinal cross section for the pond.

3.9  Wastewater analysis

3.9.1 Chemical analysis

3.9.1.1 Chemical oxygen demand (COD)

COD measurements were conducted every week during the research period,
Measurements were carried out using the closed reflux (acid destruction at 150 °C for
two hours) and then colorimetric at 600 nm wavelength method as described in standard

methods (APHA, 1995).

3.9.1.2 Total Kjeldahl nitrogen (TKN)

TKN measurements were conducted weekly, the measurements were performed using
Macro-Kjeldahl method, samples were (digested, distillation, and titration) according to

APHA (1995).
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3.9.1.3 Ammonium (NH,")
NH4" concentration was measured every week. NH4" was measured colorimetrically at

425 nm after nesslerization as described in APHA (1995). The experiments were

conducted using spectrophotometer using 1 cm cell against distilled water.

3.9.1.4 Total Phosphorus (TP)

TP measurements were conducted every week throughout the research period.
Measurements were carried out using the ascorbic acid spectrophotometric method,
according to the standards methods (APHA, 1995) and measuring absorbance was
conducted by spectrophotometer at wave-length of 880 nm.

3.9.2 Physical analysis

3.9.2.1 Total suspended solids (TSS)

TSS was measured according to the standards methods (APHA, 1995) by drying at
105 °C degree oven.

3.9.2.2 Total solids (TS)

TS was measured according to the standards method (APHA, 1995) by drying raw

wastewater samples 105 °C oven.
39.23 pH

pH was determined for all the samples by pH meter (HACH).
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3.9.2.4 Temperature

Temperature was determined in situ by alcohol thermometer for each grab sample in the

location. Ambient temperature was measured also by alcohol thermometer.
3.9.2.5 Color

Color was determined by visual appearance.

3.9.2.6 Dissolved Oxygen(DO)

Dissolved oxygen was measured with a DO meter. The WTW microprocessor oximeter
OX 196 with electrode E 096 was used to measure dissolved oxygen in the wastewater.

The calibration of the electrode had been checked before each measurement.

3.9.3 Sediment collection

Cylindrical cups were used to collect sediment from the DBPs and the ABPs. The first
group of cups was installed in DBPs in the 4™ week of the experiment (one cup per
pond), and they remained until the end of the research period. The second group of cups
was installed in the first week of the second experimental period until the end of the
research (one cup per pond in parallel with the initially installed cup). The dimensions of
the cups were, (diameter = depth = 8cm). Sediment depth was measured at the end of the
two experimental periods after evacuating the supernatant water carefully using meter.
The tests conducted for the sediment were according to the aforementioned methods after

dilution of sample to 1:25 of the initial concentration.

3.10 Calculations

Removal efficiency (%)

The removal efficiency of different components of pollution can be calculated via
equation 3.1
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X..—X .
%z(“‘;(—fff)*mO% (3.1)

inf

Where:
% = Removal efficiency;
Xint = Concentration of component in the influent (mg/L);

Xefr = Concentration of component in the effluent (mg/L).
Hydraulic retention time (HRT)

HRT can be calculated by equation 3.2

HRT=-C— (3.2)
OLR

Where:
HRT = Hydraulic retention time (d);
C = COD concentration in the influent (g COD/m?);

OLR = Organic loading rate (gCOD/m’.d)
Flow rate (Q)

Flow rate can be calculated via equation 3.3
0=— (3.3)

Where:
Q = flow rate (m’/d);
V = volume of reactor (m’);

t = retention tine (d).
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Nitrogen mass balance

The terms of nitrogen mass balance represent the influent nitrogen and the nitrogen
pathways and the nitrogen concentration in the effluent. The difference between the two
fluxes represents the unaccounted nitrogen which is the losses and/or error in
measurements in a complete mass balance. The following equation represents nitrogen

mass balance.

Ninf:Nef/‘+Nsed+NDW+NAV+NDen+Nunacc (3.4)
where,
Nmfand Ngg = Influent and effluent nitrogen (TKN) concentrations (mg/L)
Nsed. = Nitrogen accumulation in the sediment (mg/L).
Nbpw. = Nitrogen recovered (mg/L) via duckweed harvesting (for DBPs only).
Navol. = Nitrogen leaving the system via ammonia volatilisation (mg/L).
Nbenit. = Nitrogen leaving the system via denitrification (mg/L).
NunAc for = Unaccounted fraction of nitrogen (mg/1).

Ammonia and ammonia volatilization

The unionized ammonia fractions (o) in the pond water were calculated using equation

3.5, by Clement and Merlin (1995):

100

a =% Unionised NH; = W
N ]

(3.5)

Unionized NHj is relatively volatile and can be removed from solution to the atmosphere
via diffusion through water to the surface and through mass transfer from the water
surface to the atmosphere. The ammonia volatilization rate was found to depend on pH,

water temperature (Jorgensen, 1989; Stratton, 1968, 1969 as quoted by Zimmo, 2003)
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and mixing conditions (Pano and Middlebrooks, 1982). The mass transfer equation
(equation 3.6) with the assumption that the concentration of the ammonia gas in the
atmosphere is zero was used to estimate the average ammonia volatilization rates from

each pond of the two systems:

Ny, =—K,NH, (3.6)

Where;
N, v, - The mass transfer rate of ammonia (mg/L.d);

K; : The convection mass transfer coefficient in the liquid phase (d™);

NH; : The concentration of ammonia in the liquid phase (mg /L).

This first order equation for ammonia mass transfer rate has been supported by Stratton

(1969) who obtained the following expression for the mass transfer coefficient:

~0.0566

K, exp[0.13(T — 20)] (3.7)

Where,
d : The depth of water column in the pond (m);

T : The water temperature Q).

3.11 Data analysis

Statistical analyses for data were carried out using Microsoft Excel 2003 (Microsoft
Corporation) software package. With this software most of data analyses (including

arithmetic averages, standard deviations, removal equations and correlations between
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different variables) and graphs were carried out. Furthermore, since the system
composed of three lines of ponds then the statistical comparison among removal
efficiencies of these lines and the different ponds was carried out at a level of
significance (p) of 0.05 using SPSS software for windows. Release 12.0, SPSS® Inc.
(2003). A good comparison between the aforementioned lines in each period could be
carried out since these lines were operated in parallel and fed with similar influent
wastewater and HRT. Nevertheless, the variation in some parameters in the influent with

time between the two periods was taken into consideration.
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Chapter Four

Results and Discussion

4.1 General

The effect of depth on nitrogen transformation was studied in a pilot-scale treatment
plant. The research was divided into two main periods; in the first period, the effect of
depth on the performance of DBPs (in nitrogen and other major pollutants removal) was
investigated. In the second period, the effect of depth on the performance of ABPs in
nitrogen and other major pollutant forms removal were tested. Duckweed death (as
discussed later) was noticed most of the time for the first experimental period. This may
justify the obtained data that sometimes disagree with the previous studies. The results
related to the pretreatment unit (UASB-septic tank) were discussed else where (Al-
Shayah, 2005). Moreover, the results for pathogenic related issues in our system were

discussed in another research work (Samhan, 2005).

4.2. Physicochemical properties of the system

4.2.1 Temperature

The ambient temperature during the two experimental periods is known to be the highest
throughout the year. The average ambient temperature in the first and second
experimental periods were 24.5 + 3.4 °C and 24.2 + 3.5 °C, respectively. The average
wastewater temperatures in the ponds of the first, second, and third lines were similar
throughout the two experimental periods. The average temperature in the DBPs and
ABPs were 22.9 + 2.6 °C and 22.1 + 2.5 °C, respectively. No significant difference was
found in ponds temperature as a result of depth variation. Moreover, the effect of
duckweed cover on water temperature was noticed most of the time (see Figure 4.1).
However, the difference between ambient and water temperature did not exceed 5 °C.
However, water temperature in ABPs, was most of the time higher than ambient
temperature due to direct exposure of water column to solar radiation. The optimal

temperature range for maximum duckweed growth was reported to be 17.5 to 30 °C with
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upper tolerance limit of 34 °C (Javed, 1995). This means for the current system that the
temperature values are within the favorable range for duckweed growth conditions.
Figure 4.1 shows the average ambient and wastewater temperatures throughout the two
experimental periods. Temperature has also a substantial effect on the microorganism’s
performance in the ponds which plays a major role in determination the required HRT. In
the light of literature, the reported experimental temperatures are expected to be optimal
for the performance of the UASB-septic tank and pond systems (Mahmoud, 2002;
Zimmo, 2003).
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Fig. 4.1. Ambient and wastewater temperatures during the DBPs period (a) and ABPs period (b).
The number of measurements for the DBPs and ABPs were 13 and 10, respectively.
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4.2.2 Dissolved oxygen (DO)

DO concentration in the effluent of UASB-septic tank was found to remain zero
throughout the experimental period. Throughout the ponds, gradual increase in DO
concentration was found at the effluent of the successive ponds in each line for the two
periods (p < 0.05). However, no significant change was found in DO concentrations
among the corresponding ponds (for example, A;L;, AjL, and A,L3) in each line (p >
0.05). Average DO concentrations in the effluent of the three lines in the first period (90,
60 and 30 cm) were, 1.19 + 0.43, 1.36 + 0.47 and 1.69 £ 0.77 mg/L, respectively.
Furthermore, DO concentration in the effluent of ABPs was significantly higher
compared to DBPs (p < 0.05). Average DO concentrations in the effluent of the three
lines in the second period (90, 60 and 30 cm) were 3.7 + 0.70, 3.8 + 0.30 and 4.0 + 0.2
mg/L, respectively. Figure 4.2 shows the average value for DO concentration (vertical
columns) at the effluent of the nine ponds in the two experimental periods. The bars

represent the value of standard error of the mean (+o/n"?).

The zero concentration of DO in the influent (effluent of the holding tank) indicates that
the HRT of wastewater in this tank was not enough for oxygen replenishment from the
anaerobic pretreated wastewater. Moreover, the significant increase in DO concentration
for the successive ponds reflects the decrease in the oxygen consuming substances in the
successive ponds with continuous flux of oxygen to the ponds wastewater. This result is
in agreement with literature (Zimmo, 2003; Al-Jabari, 2003; Caicedo et al., 2002; Steen,
1998). Furthermore, the insignificance in the values of DO concentrations in the effluent
of corresponding ponds in different lines, suggests that natural oxygen replenishment
was insufficient to create a significant change in DO concentration in these ponds. This
could be justified by the high concentration of oxygen consuming substances in the
treated wastewater. The high concentration of total COD was reported by Al-Shayah
(2005) who reported that the total COD concentration in the effluent of the four-days
HRT, UASB-septic tank ranged from 266 to 810mg/L with an average of 493 + 95 mg/L.
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Fig. 4.2. DO concentration in DBPs (a) and ABPs (b). The vertical columns represent the
average DO concentration in the nine ponds effluent (mg/L); the bars represent the standard error
(xo/n"?). D stands for duckweed and A stands for algae. Note that (D or A)iLj means the i™ (D or
A) pond in the j" line (e.g. D;L,, means the third DBP in the first line).

The higher DO concentration in ABPs compared to DBPs suggests the production of DO
through photosynthetic production of oxygen by phytoplankton in the water column. On the
other hand, the lower DO values observed in DBPs compared to ABPs may be the result of
reduced diffusion of oxygen from the air into the water column by the duckweed cover and of
reduced photosynthetic production of oxygen resulted from lack of light crucial for
photosynthesis process. Similar results were also reported in literature (Zimmo, 2003). He
reported a DO concentration was over-saturation during warm seasons and 3.5-5.7 mg/l in
ABPs and DBPs operated at the same HRT, respectively. The low oxygen concentration
achieved in the pilot plant (for both periods) could be explained by the zero concentration of

DO in the effluent of UASB-septic tank and the high organic loading rates.

4.2.3 pH

pH values were monitored throughout the two periods. pH values in the influent was found
stable throughout the two experimental periods (p > 0.05), this was reflected from the equal
average values of pH for the two experimental periods (7.3 + 0.1). Similar value of pH was
reported by (Al-Shayah, 2005) who mentioned that pH in the effluent of the UASB-septic
tank, ranged between 7.12 and 7.70 with an average value of 7.4 + 0.14. Moreover, a slight
decrease in the influent pH (data not shown) at the end of the research period (7.2) when
compared to the influent pH at the beginning of the research period (7.5). As shown in
Figure 4.3, pH values were stable also in each pond. This is reflected by the small values of

standard error for each pond. A significant difference in pH value was noticed among the
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influent and effluent of the first pond of each line during the two experimental periods.
Furthermore, significant difference in pH values for the first experimental period, was found
among corresponding ponds with different depths (for example, A,L;, A;L; and A,L3), (p
< 0.05), except for the values of pH in the first pond of each line (p > 0.05). However, no
significant difference in pH values during the second experimental period, among
corresponding ponds with different depths (p < 0.05) except for the values of pH in the third
pond of each line (p > 0.05).

No significant difference was found in pH values throughout the successive DBPs of the
three lines (p > 0.05). However, significant increase in pH in the aforementioned ponds was
noticed between the influent and the first pond in each line (p < 0.05). The average values of
pH at the effluent of the three lines (90, 60 and 30 cm) in the first experimental period were
7.40, 7.53 and 7.73, respectively. However, significant difference in pH was found among
the successive ABPs (p < 0.05). pH values in the effluent of the three lines (90, 60 and 30
cm, respectively) in the second experimental period were, 8.0 £ 0.03, 8.1 £ 0.03 and 8.3
+0.03. Furthermore, significant increase in pH values was noticed for ABPs when compared
to DBPs (p < 0.05). Similar results were obtained in literature concerning the higher pH
value in the ABPs when compared to DBPs. High pH values are not likely to occur in DBPs.
The increase of pH in ABPs resulted from intense photosynthetic activity (CO, uptake).
However, the maintained complete duckweed cover suppressed the algae that suppressed the

elevating effect on pH (Wang, 1991; Caicedo., 2002; Zimmo, 2003; Al-Jabari, 2003).

pH
(@)

Ponds

O DBPs B ABPs

Fig. 4.3. Average pH values in DBPs and ABPs. The vertical columns represent the average pH
values for the influent and the nine ponds of the pilot plant, the bars represent the standard error
(+o/n"?). n for first and second experimental periods were = 9 and 7, respectively.
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Finally, lower pH values were measured (the values of pH did not exceed 8.3 in both
system even in the ABPs) in these stabilization ponds compared to other previously
reported values in preceding researches. Actually, this is could be justified by the
anaerobically pretreated influent which is characterized by high concentration of CO, and
the low concentrations of DO which resulted in more reduced environment compared to
other stabilization ponds without anaerobic pretreatment. The same justification is also
could be given to the lower variation in pH values between ABPs and DBPs compared to

other studies.

4.3. Removal efficiencies of pollutant forms

4.3.1 Removal efficiency of solids

4.3.1.1 Removal efficiency of total suspended solids (TSS)

Total suspended solids (TSS) were measured 24 times; 14 times during the DBPs period
and 10 times during the ABPs period. Grab samples were tested weekly from the influent

(effluent of the UASB-septic tank), and the effluent of the nine ponds.

I. TSS removal efficiency in DBPs

Average TSS concentration in the influent was 172.1 £ 5.9 mg/L. However, Significant
TSS removal efficiency between the successive ponds of the same line was observed.
TSS concentrations at the effluent of the three DBPs lines (90, 60 and 30 cm) were 60.8
+ 18.4, 70.9 + 17.9 and 66.1 + 22.1 mg/L, respectively. Therefore, no significant
difference was observed among TSS removal rate from the effluent of the three lines (p >
0.05). Furthermore, maximum removal efficiency was achieved in the deepest ponds
(64.4 + 11.8%), and the minimum removal efficiency was achieved in the second line of
the intermediate ponds (58 + 11.2%), whereas intermediate removal efficiency was
achieved for the third line of the shallowest ponds (61.2 + 13.8%). No significant
difference was found in TSS removal efficiency among the three lines. In other words,

no effect was observed for depth in TSS removal efficiency during the first period.
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Figure 4.4 presents the TSS concentration at the effluent of each pond in the DBPs
period. TSS removal efficiency of from the DBPs (depth > 60 cm) was modeled by an
equation reported by Smith and Moelyowati (1999). The latter considered initial TSS
concentration at the influent, water temperature and HRT are the main parameters affecting
TSS removal from DBPs. According Smith and Moelyowati model the TSS removal

efficiency can be expressed as follows:

Se:s,-((ﬁj 1n(f)+ﬂj
T r (4-1)

Where,

Si: Initial concentration of TSS (mg/L).
Se: Final concentration of TSS (mg/L).
T: Water temperature (°C).

t: Time (days).

Considering the average water temperature (24 °C) and HRT (28 days) in our system, the

equation then reduces to

Se = 0.436 Si (4.2)

However, higher removal efficiency was achieved in our system (58 + 11%) Se and (61
+ 14%) Se in the first and second lines, respectively. The result points out that no
decomposition for the duckweed occurred in the system and/or the decomposition of
duckweed (which was not observed) did not deteriorate the quiescent conditions of the

water column in the DBPs.

The insignificant difference found in removal efficiency among the three DBPs lines
could be attributed to the low difference in pond depth and long HRT. A difference could
be achieved therefore in ponds with shorter HRT and larger difference in depth. No

literature was found discussing the effect of depth variation on TSS removal efficiency in
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DBPs. However, similar results were reported in literature concerning the achieved
removal efficiencies of TSS by Bonomo et al. (1996) who achieved a removal efficiency
of 50-80%. Comparable results were reported by Zimmo et al. (2001) who reported TSS
removal efficiency of 71% in DBPs operated at HRT of 28 days with depth of 90 cm.
However, higher TSS removal efficiencies were reported in other studies (Mandi, 1994;
Bonomo et al., 1996; Zirschky and Reed, 1988; Al-Jabari, 2003). The difference in
removal efficiency could be attributed to difference in HRT and wastewater
characteristics. Moreover, TSS removal by the adsorption (one of the mechanisms for
TSS removal in DBPs systems) on the duckweed roots (Skillicorn et al, 1993) probably

did not occur in our system.
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Fig. 4.4. The average values of TSS concentration in the influent and effluent of DBPs, n = 5.
The vertical columns represent the average TSS concentration values for the influent and the nine
ponds of the pilot plant, the bars represent the standard error (+o/n'"?) at a level of significance p
<0.05.

II. TSS removal efficiency in ABPs

Total suspended solids concentrations in ABPs period were monitored throughout the
second experimental period. Lower concentration of TSS was found in the influent to
ABPs throughout the second experimental period compared to the first experimental
period. Average concentration for TSS in the influent was 94.7 + 5.8 mg/L. However,
negative removal efficiencies were achieved in most of ABPs ponds. The average TSS
concentrations in the effluent of the three lines (90, 60 and 30 cm) were 133.8 £ 10.4,

88.5 = 19.9 and 153.1 £ 15.8 mg/L, respectively. Therefore, no relation was found
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between TSS removal efficiency and depth. Figure 4.5 shows a graphical representation

for TSS concentration in the influent and effluent of the nine ABPs.

Significant difference in TSS removal efficiency was found among the first two ponds
and the third pond of the first line (90 cm). Significant difference in TSS removal
efficiency was found also among the three ponds of the second and third lines (60 and
30cm, respectively). In order to have a good understanding for this result it is essential to
differentiate between the influent TSS and the generated TSS in the system by the algal
growth. An increase in the concentration of algae was noticed (visual test) for the second

and third ponds of each line.
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Fig. 4.5. The average values of TSS concentration in the influent and effluent of ABPs, n = 5.
The vertical columns represent the average TSS concentration values for the influent and the nine
ponds of the pilot plant. The bars represent the standard error at a level of significance p < 0.05.

The removal efficiency of TSS in DBPs ranged from 64.4 to 58.8%. Whereas, negative
removal efficiency was found in ABPs, which was due to the intensive growth of algae
in the ABPs system because of luxurious conditions for algal grow which is represented
by availability of nutrients and light. Therefore, optimal growth was observed in the
shallowest ponds where light is available throughout the water column. This justification
can explain the highest TSS concentration found in the effluent of this line. According to
literature, Zimmo et al. (2001, as cited by Al-Jabari, 2003) reported TSS removal
efficiency of 36.9% in 90 cm-depth ABPs operated at a HRT of 28 days. However, Al
Jabari (2003) reported a 71% TSS removal efficiency in 90 cm-depth ABPs with HRT of
32 days. Therefore, the large difference between the two reported values from literature
could be justified by the difference in HRT, type of pretreatment, wastewater

characteristics.
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The better removal efficiency of TSS in DBPs compared to ABPs was reported in other
studies (Zimmo, 2003; Al-Jabari, 2003; Mara and Pearson, 1998; Steen, 1998). This
result is attributed to lower algal development and better sedimentation due to effect of
shading (lack of light penetration) and quiescent conditions provided by duckweed
cover. Reed et al. (1995) found that the effluents from ABPs systems are characterized
by a high concentration of suspended solids, which in some occasions exceeded 100
mg/l. Similar results were found by Smith and Moelyowati (1999) and Skillicorn et al.
(1993).
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Fig.4.5. Average values for the removal efficiencies of TSS in the nine ponds of the two

experimental periods. The vertical columns represent the average values TSS removal efficiency.

The bars represent the standard error (+o/n'"?) at a level of significance p < 0.05.

4.3.1.2 Total dissolved solids (TDS) removal

I. TDS removal efficiency in DBPs

TDS concentration in the influent and effluent of DBPs was measured four times during the first
experimental period. Influent average TDS concentration was 973 + 43.1 mg/L. However, TDS
concentrations in the effluent of the three DBPs line (90, 60 and 30 cm) were 818.5 + 29.9,
828.5 + 20.6 and 841.0 + 58.8 mg/L, respectively (Table 4.1). Therefore, negligible removal
efficiency (12-13%) for TDS was found in this period. Moreover, no effect for depth can be
concluded on removal efficiency for TDS and no clear trend for an increase or decrease

in the TDS concentration in the successive pond for any line.
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Table 4.1. Average values of TDS concentration for the influent and effluent of the nine ponds
for the DBPs experimental period (mg/L) and the value of standard error in the concentration for
each pond, n = 4. The table shows also the removal efficiencies (%) of the nine ponds with the
corresponding standard error values.

Parameter Influent D,L; D,L, D,L; | D,L; | D,L, | D;L, | D;L; D,L; D;L;5

Average 973.0 912.5 826.0 | 794.5 | 942.5 | 852.0 | 828.5 | 818.5 | 850.5 841.0

St. Error 43.1 48.0 2.0 46.1 10.8 37.2 20.6 29.9 40.2 58.8

% - 13.6 15.8 14.8 6.2 15.1 12.4 3.1 18.2 12.6

St. Error - 2.2 34 1.7 0.8 3.6 0.1 32 8.4 0.3

II. TDS removal efficiency in ABPs

TDS in ABPs was also monitored throughout the second experimental period. TDS was
measured every week by using the grab sampling method. Average influent TDS
concentration was found slightly lower in this period compared to the first period.
Average TDS concentration was 849.2 + 8.8 mg/L and the average TDS concentration in
the effluent of the three lines (90, 60 and 30 cm) were 773.6 = 6.1, 780.6 £ 14.3 and
760.4 + 7.4 mg/L, respectively (Table 4.2). Moreover, TDS concentrations in the effluent
of the nine ponds were almost equal; there was no significant difference in removal
efficiencies for this parameter among the successive ponds of APBs lines (p > 0.05).
Likewise, no significant effect for depth was detected on removal efficiency of TDS (p >

0.05).

Table 4.2. Average values of TDS concentration for the influent and effluent of the nine ponds
for the ABPs experimental period (mg/L), and the value of standard error in the concentration for
each pond (p < 0.05), n = 9. The table shows also the removal efficiency (%) with the
corresponding standard error values.

Parameter | Influent | A;L; | ALy | A{L; | AsL; | Aoy | ALy | ALy | ALz | Asl;

Average 849.2 800.8 | 796.8 | 783.8 | 769.4 | 778.2 | 780.6 | 773.6 | 764.8 | 760.4

St. Error 8.8 14.9 3.6 7.4 4.8 3.9 14.3 6.1 10.6 7.4
% --- 5.7 6.2 7.7 94 8.3 8.1 8.9 9.9 10.4
St. Error --- 1.7 0.7 1.6 1.3 1.1 1.1 1.0 1.0 1.5

4.3.1.3 Total solids (TS) removal efficiency in ABPs

TS concentration in the effluent of ABPs was measured weekly throughout the second
experimental period. Average TS concentration in the influent for this period was 1143 +
106 mg/L and the average values for TS concentration in the effluent of the three lines
(90, 60 and 30 cm) were 1096 + 25, 1068 + 42 and 1160 + 31 mg/L, respectively. No

relation was detected between removal of TS and depth variation. Moreover, no effect
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was also detected between HRT and removal efficiency of TS. Furthermore, small and/or
negative removal efficiencies were observed in most of the ponds in this period. Figure

4.6 shows the removal efficiencies of TS in the ABPs.
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Fig. 4.6. TS removal efficiency from the nine ABPs, n = 9. The columns represent the removal
efficiency and the bars represent standard error (+o/n'?).

The results obtained for TDS and TSS in ABPs were reflected in the total solids
readings. It is clear that the removal efficiency for TS in the second experimental
period was very low for the first two lines and for the first pond of the third
(shallowest) line. This also gives an indication for the concentration of algae in the
ponds; the negative removal efficiency in the last two ponds of the shallowest line
indicates a high algal concentration in the effluent of these ponds. This result was
obtained before when TSS was discussed. Moreover, the results obtained for the
TDS, TSS, and TS removal efficiencies indicate that there is no relation between
the depth of the pond and the removal efficiency of solids. However, it was shown
that in ABPs the generation of TSS was due to the algal growth in the ponds where
favorable conditions (light essential for photosynthesis and nutrients) were present.
The availability of light increase as the depth of the pond decrease, so it was
mentioned that the shallowest ponds has the highest algal concentration and lowest
removal efficiency of TSS, and consequently the TS. Finally, according to the
aforementioned results, it is highly recommended to polish ABPs effluent by a
DBPs unit for significantly reduce TSS concentration in the effluent by removal of
algae and provide quiescent conditions suitable for proper sedimentation

(Steen, 1998).
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4.3.2 COD removal efficiency in DBPs and ABPs

432.1. COD removal in DBPs

Grab sampling was used to measure COD concentration in the influent and effluent of
the ponds of different lines. COD was measured weekly throughout this period. Average
COD concentration in the influent for this period was 701.6 + 241.5 mg/L. However,
effluent COD concentration from the three lines (90, 60 and 30 cm) were 258.6 = 39.3,
205.0 £ 72.7 and 174.8 £ 49.2 mg/L, respectively (Figure 4.7). Likewise, the removal
efficiencies in the aforementioned lines were 62.5 + 5.7% (least removal efficiency),
70.6 £ 11.6 and 75.4 £ 4.1% (maximum removal efficiency), respectively. Nevertheless,
average COD removal rates (Figure 4.6) were observed significantly higher in the line of
deepest ponds compared to line of shallowest ponds; the average COD removal rates in
the first, second and third ponds of the first line (90 cm depth) were 24, 14.5 and 34
g/m’.d, respectively. However, the average COD removal rates in the aforementioned

ponds in the third line (30 cm depth) were 17, 13, and 66.5 g/m®.d, respectively.
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Fig. 4.7. Average values of COD concentration at the influent and effluent of DBPs (a) and
COD removal efficiency from the nine DBPs (b). The vertical columns represent the average
COD concentration values for the influent and the nine ponds of the pilot plant, the bars represent
the standard error.

As shown in Figure 4.7, COD concentration shows a significant decrease at the effluent
of the first pond (p < 0.05), this could resulted from the settleable and suspended COD
particulates that enter the system and settle down in the first pond of each line. This issue
was mentioned in (Al-Shayah, 2005). The latter mentioned that intermittent washout
events of sludge were observed during the study period with a concentration of 2-3g/L.

Moreover, he reported an average TSS concentration of 117 £ 19mg/L in the effluent of
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the UASB-septic tank. Therefore, the difference in TSS could be presented as suspended
COD. One of the main reasons that explain the high value of solids that enter the system
is that the holding tank which is connected directly to the ponds and receives all the
UASB-septic tanks’ effluent. This flow rate (200 L/d) was more than the pumped
quantity of water to the ponds (118 L/d), so most of solids from the UASB effluent settle
down and concentrated in the influent to the ponds. This also justify the difference
observed in the measured COD values reported for the UASB-septic tank effluent and
the reported values in this report. Moreover, the dissolved COD represented 61% of total
COD load (Al-Shayah, 2005). This could also play a role in enhancement COD removal
in the first pond because HRT required to consume dissolved COD is expected to be

lower compared to other COD forms.

Removal efficiency of COD from the system was inversely proportioned to the depth.
However, the difference in removal efficiency was not significant for the first and second
ponds of each line (p > 0.05). In other words, significant difference in removal efficiency
with respect to depth was observed only for the third pond in each line (HRT 28 days).
On the other hand, COD removal rate was significantly higher in the deepest ponds
(direct proportionality between COD removal rate and depth). This result was achieved
because the flow rate (and therefore rate of COD enters the system) of the deepest line is
1.5 and 3 time the flow rate for the second and third lines, respectively. However, COD
removal rate over rate of COD enters the deepest ponds was not the highest compared to
other shallower ponds. However, the considerable difference in removal rate for the
deepest line in addition to the highest capacity (highest flow rate), makes it most
attractive option among the three lines for large-scale application in terms of land
requirement (discussed later). No comparable studies were found in literature discussing
the effect of depth on COD removal. Nevertheless, this result can be justified by the fact
that other natural activities that also took place in the control reactors are dominant such

as sedimentation, biodegradation by microbes, etc.

Considering the achieved removal efficiencies from the three lines, similar results
reported by Steen (1998). He reported 55 + 26% COD removal efficiency in a combined
DBPS and ABPs of 0.29 m depth fed with anaerobically pretreated domestic sewage.
Caicedo (2002) reported 82% of COD was removed in DBPs (0.7m depth and HRT =

21days) fed with anaerobically pretreated wastewater. However, the influent sewage was
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institutional wastewater. Moreover, similar results were also recently reported by
Awadallah (in preparation) who reported a COD removal of 67 + 34.0% in Al-Arroub
DBPs of 1.8 m depth. Similar result was achieved also by Javed (1995) who reported that
no significant difference was noticed in the concentration of COD in batch reactors at
different depths (HRT = 20 days). He concluded that the removal efficiency of COD in
the 10 cm depth reactor was 63% whereas in the 95 cm reactor was 56%. Moreover, Al-
Jabari (2003) reported also a similar removal efficiency of COD (80%) in DBPs (depth =
0.9 m) fed with anaerobically pretreated wastewater. Nevertheless, wastewater used in
the latter’s system was collected from latrines and cesspits which means that there is a
large difference in influent wastewater characteristics which was pretreated twice before
post-treated by DBPs. However, Mirzapur (Bangladesh) duckweed based lagoons (DBL)
system showed extremely high COD removal of 95-97% as reported by (Zimmo, 2003).
The large difference could be justified by different environmental conditions, wastewater

characteristics and higher temperature.

4.3.2.2 COD removal in ABPs

The same method of sampling (grab sampling) was used to measure COD of the influent
and effluent of the ponds of different lines. Ten weeks were committed to test COD
removal efficiency of ABPs. Steady state conditions (stable readings) were achieved
after five weeks from the beginning of this experimental period. Lower COD
concentration was noticed for the effluent of the UASB-septic tank in this period (Figure
4.8) compared to the first period. Average COD concentration in the influent for this
period (fifth to ninth week of this period) was 330.9 = 69 mg/L. This indicates that the
UASB-septic tank efficiency was stable throughout this period. Al-Shayah (2005),
reported that in the aforementioned period, no shock loads were received by the system
and better removal efficiency was achieved. Moreover, COD concentrations (= S.E.) in
the effluent of the three lines (90, 60 and 30 cm) were 158.8 + 43.5, 162.6 = 35.9 and
152.1 £55.9 mg/L, respectively.

COD removal efficiencies in ABPs were inversely proportioned to depth (Figure 4.8).
The maximum removal efficiency was achieved in the shallowest ponds (55.9 + 3.7%),

whereas the least removal efficiency was achieved in the deepest ponds (51.6 + 3.2%)
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and the removal efficiency was intermediate in the effluent of 60 cm — depth ponds (53.4
+ 4.3%). The average COD removal rate in the second period was significantly higher in
the deepest ponds (direct proportional relationship was observed between depth and
removal rate). Figure 4.9 shows the average COD removal rates (+ S.E.) in the nine
ABPs. Average COD removal rates in the three ponds (first line) were 54% and 189%
higher than that in the second and third lines, respectively. This could actually be
attributed to the highest flow rate (and therefore rate of COD enters the system) of the
deepest ponds compared to other shallower pond because total HRT for the three lines

was maintained equal.
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Fig. 4.8. Average values of COD concentration at the influent and effluent of ABPs (a) and
COD removal efficiency from the nine ABPs (b). The vertical columns represent the average
values for COD concentration in the influent and the nine ponds of the pilot plant, the bars
represent the standard error.

The relatively fast achievement of steady state conditions that was observed in our
system is supported with literature. The same observation was reported previously by
Mara and Pearson (1998) who stated that three to four weeks are sufficient in summer
time for WSPs to reach steady state conditions because of higher rate of microbial
population development. Moreover, the ponds operated before as DBPs, this also
contributed to acceleration of the steady state conditions achievement because part of the
microbial populations was already developed. According the statistical analysis,
significant decrease in removal efficiency was found among the three successive ponds
in the first and third ABPs lines (p < 0.05). However, no significant difference in COD
removal efficiency was found among the three successive ponds of the second line (p >
0.05). The difference in removal efficiency among the three lines was sufficiently low

(difference between highest and lowest removal efficiencies was 2.4%) which means that
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the use of deep ponds for COD removal is the most economically feasible compared to
other lines of lower depths. This result is also supported by the significantly higher
removal rate for COD observed in the aforementioned deepest ponds compared to other

ponds.

4.3.2.3 Comparison and discussion

Similar climatic and operational conditions were observed and maintained during the
ABPs period and DBPs. Therefore, proper comparison can be carried out between the
three lines in the two experimental periods. The influent COD concentration in the
second experimental period was lower (COD concentration influent for the first
experimental period was 701.6 + 241.5 mg/L, whereas, it was 330.9 = 69 mg/L in the
second experimental period). Consequently, COD concentrations in the successive ponds
were also lower than that in the corresponding ponds of the first experimental period.
However, COD removal efficiency in ABPs period was found to be lower than the
removal efficiency achieved in DBPs. Nevertheless, effluent COD concentration in the
three lines were in compliance with discharge standards of 150 — 200 mg/L established
by Ministry of Environmental Affairs on treated wastewater. However, this
concentration was occasionally achieved in the second and third lines (60 and 90 cm

depth, respectively) of DBPs due to higher concentration in the influent.

Lower COD concentration in the effluent of ABPs compared to DBPs. Nevertheless, the
removal efficiency of COD in DBPs was higher than that in ABPs. This could be
attributed to higher COD concentration in the influent for the first experimental period
and lower algal development and better sedimentation due to effect of shading and
quiescent conditions provided by duckweed cover. Similar results were reported by other
studies (Zimmo, 2003). Moreover, algae concentration (which is added to the COD load)
in the ponds increased significantly (visual test) for the second and third ponds with
respect to the first pond of each line, the concentration increased as the depth of the pond
decrease. The reason behind this result is that higher density of light could penetration to

the water column for the shallower ponds.
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Fig. 4.9. Average values for COD removal rates (mg/m”.d) for the nine ponds in the two periods.
The vertical columns represent the average values COD removal rates. The bars represent the
standard error (+o/n"?).

No significant difference in COD removal efficiency was found observed between the
first two ponds of the three lines in the first period. Similar result was reported by Javed
(1995) in 90 cm reactor. Furthermore, the removal efficiencies achieved in DBPs were
almost equal to the reported removal efficiencies (81%) in DBPs (70 cm depth and 21
days HRT) by Caicedo (2002). Likewise, similar removal efficiency (75%) in DBPs (2.3
m) was reported by Bonomo (1997). However, higher removal efficiency was reported
by Al-Jabari (2003) who achieved 80% and 70% removal efficiency in DBPs and ABPs,
respectively. DO concentration which plays an important role in COD removal, was
significantly lower in the first period compared to the second period. However, COD
removal efficiencies were significantly higher in DBPs. This result could be attributed to
lower algal development and better sedimentation due to effect of shading and quiescent
conditions provided by duckweed cover. Similar results were reported by other
comparable researchers (Smith and Moelyowati, 1999; Caicedo, 2002; Zimmo, 2003;
Korner ef al. 1998 (as quoted by Zimmo, 2003); Al-Jabari, 2003). Finally, deepest ponds
in both systems proved to be the most feasible in terms of COD removal rate (in the
reported conditions), therefore the use of such ponds is recommended for large scale
application. Nevertheless, increasing the number of ponds (or HRT) can achieve higher
removal efficiency with maintaining land requirement for these ponds lower compared to
other shallower ponds. However, further research is required to reinforce this result

especially in the winter time when the efficiency of the UASB and ponds system is
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expected to be lower (Zimmo, 2003; Igbal, 1999; Steen et al., 1999; Lettinga et al., 1993;
El-Metwalli, 1999).

4.3.3 Total phosphorus (TP) removal

TP is the sum of the organic and ortho-phosphorus. In our system, the UASB-septic tank
was inefficient in removal of nutrients, the average influent TP concentration to the
UASB-septic tank was 14.0mg/L. However, “TP accumulation” and negative removal
efficiency were observed in the effluent; the average TP concentration (+ standard
deviation) at the effluent of UASB-septic tank throughout the two experimental periods
was 14.2 = 1.1 mg/L (Al-Shayah, 2005). Consequently, most of the removed quantity
from the whole system is achieved in the pond system. TP removal from the pond system
was monitored throughout the two experimental periods. TP concentration at the influent

and effluent of each pond was measured every week.

4.3.3.1 TP removal in DBPs

Stable values of TP were found in the effluent of the UASB-septic tank. This can be
observed by the small values of standard error. The average value of TP concentration at
the influent was 15.3 + 0.5 mg/L. Significant difference was found between TP
concentration in the influent and effluent of the first pond in each line (p < 0.05). TP
concentrations at the effluent of the three lines (starting with the deepest to the
shallowest) were 9.4 = 0.4, 9.0 £ 0.2, and 7.8 £ 1.2 mg/L, respectively. This result
indicates that there is an inverse proportionality relation between the ponds depth and the
removal of TP in the effluent. Significant difference in TP removal efficiency was found
between the successive ponds in all DBPs lines (p < 0.05). Furthermore, according to the
statistical analyses, no significant difference was found in TP removal efficiency
between the effluent of second and third lines in this period. The removal efficiencies of
TP for the three mentioned lines (starting with the deepest to the shallowest) were 38.5 +
4%, 40.8 £ 3% and 48.5 + 9.2%, respectively. The average TP removal rates in the nine
ponds are shown in Table 4.3. Moreover, average TP concentrations at the effluent of

each pond in the first experimental period are shown in Figure 4.10.
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Fig. 4.10. The average value of TP removal efficiency in DBPs and the standard error bars
(xo/n'"?) at a confidence level of 95%.

The highest removal efficiency achieved in the shallowest ponds could be attributed to
the higher surface/volume ratio in addition to the lower surface loading rate (lower flow
rate) and lower water velocity (settling velocity) which plays a major role in the process
of sedimentation. However, the insignificance in TP removal efficiency found between
the second and third lines could be attributed to the long HRT and low difference in
depth between the mentioned lines. Deepest ponds achieved the highest values for TP
removal rates (Table 4.3) compared to other lines. Moreover, TP concentration at the
effluent of the second pond of this line (HRT =18.6 days) was lower than 15mg/L (TP
concentration according to Jordanian guidelines for restricted irrigation). Accordingly,

these ponds are more feasible for large-scale application compared to the other ponds.

Moreover, TP concentration in the effluent of the first pond (HRT = 9.3) in line one
(15.3 mg/L) complied with the mentioned guidelines. This concentration is expected to
decrease with normal duckweed status, because in duckweed systems besides the higher
reduction of TP in DBPs is normally attributed to duckweed uptake and subsequent
removal by harvesting. However, this mechanism of TP removal was eliminated in our
system. The achieved removal efficiencies were in line with other reported results in
literature. Javed (1995) reported a removal efficiency of 88% for the reactors of 10 cm
depth, and 56% for the reactors of 95 cm in batch flow reactors. Nevertheless, it is
inconvenient to compare two systems with different flow configurations. However, TP
removal efficiencies in both systems showed inverse proportionality with depth.
Recently, Zimmo (2003) reported P-removal efficiency in one meter depth ponds was

67-68%. However, the duckweed status was normal in the latter’s system. Moreover, the
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achieved results were significantly lower than the “extremely” high removal efficiencies
(94% and 96%) reported by Al-Jabari (2003) at HRT equals 16 and 32 days,

respectively.

4.3.3.2 TP removal in ABPs

TP was measured weekly throughout the second experimental period. The average value
of TP concentration at the influent was 12.8 = 0.7 mg/L. Significant difference in TP
concentration was found between the influent and the effluent of the first pond in each
line (p < 0.05). TP concentrations at the effluent of the three mentioned lines (starting
with the deepest to the shallowest) were 8.0 = 0.8, 6.8 £ 1.1, and 5.4 £ 0.6 mg/L,
respectively. Consequently, as the case in DBPs, the concentrations of TP in the effluent
shows that there is an inverse proportionality relation between the ponds depth and the
removal of TP in the effluent of the ponds. No significant difference was found in the
removal efficiency of the second and third lines (p > 0.05). The removal efficiencies of
TP for the three mentioned lines (90, 60 and 30 cm) were 37.6 + 6.4%, 46.4 + 10.5%,
and 57.6 £ 5.6%, respectively. Figure 4.11 shows the average TP concentration in the
effluent of the nine ponds in the second experimental period. The columns represent the
average value of the concentration for the influent and effluent of each pond, the error
bars represents the standard error. Moreover, average TP removal rates in the nine ponds

for this period are depicted in Table 4.3.

TP concentration in the influent to the pond system was inline with the reported values of
TP by (Al-Shayah, 2005). He reported that TP range in the effluent in the whole
experimental period was 12.5-16.8 mg/L with an average (+ standard deviation) of 14.2
+ 1.1 mg/L. Similar justification (as the case in DBPs period) could be given to the
insignificance in TP removal efficiency between the second and third lines (high surface
area/depth ratio and long HRT). Moreover, as the case in the first experimental period,
TP removal rate was highest in deepest ponds compared to other ponds. Furthermore, TP
concentration at the effluent in the first pond in the deepest line (HRT = 9.3) complied
with Jordanian guidelines for restricted irrigation. Therefore, these ponds are the best

alternative for application in large scale.
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Fig. 4.11. The average values of TP concentration (mg/L) in the influent and effluent of the nine
ABPs of the pilot plant of ABPs (represented by columns). The bars represent the values of
standard error (+o/n'?).

TP removal in ABPs is generally attributed to sedimentation of incorporated phosphorus
in particulate with decayed algae and due to biological phosphorus removal. According
to preceding researches, TP removal efficiency was higher in DBPs compared to ABPs.
However, the result differs in our system; higher removal efficiencies were found in
ABPs system compared to DBPs system. This result could be attributed to the die off for
duckweed. Therefore, the amount of TP removed by duckweed remained in the water
column. Nevertheless, both systems achieved Jordanian guidelines for restricted
irrigation. Moreover, deepest ponds in both systems were capable to achieve the
aforementioned guidelines after the first pond in line one (HRT = 9.3 days). Therefore,
the use of deepest ponds in the two systems is more feasible in comparison with other

shallower ponds.

Table 4.3. Average values of TP removal rate in the nine ponds for the two experimental periods
(mg/m>.d), and the values of standard error (+o/n"?) at each pond.

Period P.L,; piL: piLs p:2Ls p:L: p:1; psL4 psL: psLs
DEPs Average 258 164 57 199 127 78 109 108 103
S. E. 36 36 7 34 30 26 33 12 36
Average 140 139 88 207 93 71 115 151 76
ABPS S. E. 39 19 13 58 52 15 79 67 30

4.3.3.3 Comparison and discussion

No comparable studies were found in literatures that discuss the effect of depth on TP

removal. However, the effect of depth on TP removal efficiency was clear in both
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systems; maximum removal efficiency was found for both systems in the shallowest
ponds (48.5 = 9.2% for DBPs, and 57.6 + 5.6% for ABPs). However, the least removal
efficiency was found in the deepest ponds. Moreover, significant decrease in removal
rate was found among the three lines in both experimental periods (p < 0.05) as the depth
of the pond decrease (Figure 4.12). All the mechanisms of TP removal were similar in
both systems because the duckweed has no ability to contribute in TP removal through
direct uptake, accordingly, the lower removal efficiency of TP in DBPs could be justified
by this fact. Additionally, negligible phosphorus amount could be released back to the

water column as the dead mat of duckweed was removed from the system completely.
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Fig. 4.12. Average values for the removal efficiencies (%) of TP in the nine ponds of the two
periods. The vertical columns represent the average values TP removal. The bars represent the
standard error (+o/n'?) at a level of significance p < 0.05.

It is believed that DBPs with normal status for duckweed are able achieve higher
removal efficiency than ABPs systems. This issue was reported in other studies in
literature; several researchers reported that the DBPs are more efficient in TP removal
(Culley et al., 1978; Reddy and DeBusk 1985; Zirschky and Reed, 1988; Al-Nozaily et
al., 2000; Zimmo, 2003). On the other hand, Javed (1995) reported that the existence of
duckweed did not play an important role in phosphorus removal. Nevertheless, this
system was batch flow system, and therefore it is inconvenient to consider this result for
our continuous flow plant. Similar result was also achieved by Al-Jabari (2003) who
reported similar extremely high removal efficiency (94-97%) at 32 days HRT and 90 cm
depth for both systems. The difference in these results could be attributed to the fact that
the type of wastewater used in that research was different (wastewater from latrines or

cesspits) rather than municipal wastewater that was tested in our system.
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4.3.4 Ammonium (NH;") removal

NH," was monitored weekly throughout the two experimental periods. UASB-septic tank
was not efficient in NH4 ™ removal. The influent concentration of NH4  was 58.9 mg/L
and the effluent NH4  concentration was in the range 51-67 mg/L with an average of 59 +
4.4 mg/L (Al-Shayah, 2005). Therefore, the removal of NH;" in the system was highly

dependent on pond system.

4.3.4.1 NH, removal efficiency in DBPs

Average NH;" concentration in the influent to DBPs was 60.6 + 1.9 mg/L. significant
decrease in this concentration was observed between the influent and effluent of the first
pond in each treatment line (p < 0.05). The average NH;" concentration (= S.E.) at the
effluent of the three lines (90, 60 and 30 cm) were 41.8 £0.9,37.6 £ 1.7 and 32.3 £ 2.4
mg/L, respectively. Moreover, according to the statistical analysis, significant decrease
in removal efficiency was observed among the three successive ponds in each line (p <
0.05). Likewise, significant decrease in removal efficiency was observed among the
effluent of the three mentioned lines as the depth increases. Removal efficiencies
achieved in the three lines (90, 60 and 30 cm) were, 30.9 + 1.6%, 37.9 £ 1.7% and 46.6 +
5.2%, respectively. This suggests that there is an inverse proportionality between NH;"
removal and depth. However, as depicted in Table 4.4, maximum NH;" removal rate was
achieved in the deepest pond which is attributed to highest flow rate applied to this line
(for maintaining equal overall HRT in the three lines). Figure 4.13 shows average NH,"

concentration at the effluent of the nine DBPs.

The reported value for average NH,;" concentration in the influent was inline with the
reported value at the effluent of the UASB-septic tank by (Al-Shayah, 2005). Limited
information is available on the effect of depth on removal of ammonium in ABPs and
even less information is available for DBPs. However, the inverse proportionality
between ammonium removal efficiency and depth can be observed in previous studies
where higher removal efficiencies were reported in shallow ponds compared to deep
ponds. Javed (1995) reported NH4™ removal efficiency of 94% for a 10 cm depth batch
flow reactor of 20 days HRT reactor. Moreover, Oron et al. (1987) reported NH;"
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removal in the range of 40% and 70% in semi-continuous flow duckweed ponds (depth =
20-30 cm and) at HRT = 3 and 10 days, respectively. He used raw sewage with initial
NH4" concentrations of 47.5 + 16 mg/l. However, Awadallah (in preparation) reported
removal efficiency of 61 % in DBPs fed with effluent of septic tank (depth = 180 cm,
HRT = 3 days). Nevertheless, direct comparison of results with the above studies is not
possible due to differences in HRT, water depths, initial nitrogen concentrations and

duckweed condition, densities and harvesting regimes.
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Fig. 4.13, Average values of NH4  concentration in the influent and effluent of the nine ponds of

the pilot plant of DBPs (represented by the columns). The bars represent the standard error
(xo/n'?).

Concerning the values of removal efficiencies in our system, higher removal efficiencies
were reported in literature in comparable systems. For example, Steen (1998) reported
ammonium removal efficiency 50-80%. Similar results were reported in some researches
(Buddhavarapu and Hancock, 1991; Kawabata er al., 1986). Most of these studies
attributed the higher NH," to the ability of DBPs to remove nitrogen through uptake of
nitrogen by duckweed species (Igbal, 1999; Steen, 1998). Therefore, the larger surface
and mat/volume favored NH4" consumption from the water column. However, this is not
the fact in our system because the effect of duckweed was eliminated. Nevertheless, the
higher surface/volume ratio could favor ammonia volatilization process (Korner and
Vermaat, 1998; Steen et al., 1998) and/or denitrification that were not affected by the

existence of “maintained” duckweed cover (Zimmo, 2003).
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4.3.4.2 NH, removal in ABPs

Average NH," concentration in the influent was 62.7 + 5.7 mg/L. Significant decrease in
concentration was achieved at the effluent of the first pond in each line (p < 0.05). The
average NH, " concentration (+ S.E.) at the effluent of the three ABPs lines (90, 60 and
30 cm) were 30.7 £ 3.6, 27.2 + 3.8 and 22.2 + 2.1 mg/L, respectively. Moreover,
significant decrease was found in removal efficiency among the three successive ponds
in each line (p < 0.05). Likewise, significant decrease in removal efficiency was found
among the three ABPs lines (p < 0.05). The removal efficiencies found in the
aforementioned lines were 51.2 £ 1.9%, 56.9 + 2.9% and 64.5 + 2.8%, respectively.
Accordingly, (as the case in DBPs period), these results suggests also an inverse
proportionality between NH;" removal efficiency and depth. However, highest NH,"
removal rates were achieved in the deepest ponds that are attributed to highest flow rate

(and therefore highest NH, " rate that enters this line) applied to this line (Table 4.4).

Table 4.4. Average values for NH; " removal rate in the nine ponds for the two experimental
periods (mg/m®.d) and the values of standard error (6/n"?) at each pond.

Period PL, pil. pils p:Ly p:L p:13 psLq psL. psLs

DBPs Avg. 511 550 508 235 253 129 1044 659 265
S.E. 101 120 35 145 112 46 175 227 71

ABPs Avg. 1142 422 661 1165 1046 337 750 797 294
S.E. 154 45 119 256 133 76 198 55 58

The reported influent concentration of ammonium was in agreement with the reported
value for the UASB-septic tank effluent (Al-Shayah, 2005). Moreover, the higher
removal efficiency achieved in the second period (ABPs) was also reported in preceding-
comparable studies (Zimmo, 2003; Al-Jabari, 2003). Furthermore, the higher removal
efficiency achieved in the shallowest ponds could be attributed also (as the case in
DBPs) to the higher surface/volume ratios in these ponds compared to other ponds that
favored denitrification and/or ammonia volatilization process (as discussed later).
Moreover, the raised pH shifted the equilibrium between NH," and NH; towards the
latter. This justification could be given for the higher removal efficiency achieved in this

period. Figure 4.14 shows NH4" concentration in the nine ABPs.
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Fig. 4.14. The average values of NH," concentration in the influent and effluent of the nine ABPs
(mg/L). The bars represent the standard error (+o/n"?) at a level of significance p < 0.05.

4.3.4.3 Comparison between the two periods in NH, removal

According to the previous discussion, the removal efficiency of the two systems had an
inverse proportionality to the depth of the pond; maximum removal was obtained in the
shallowest ponds, while minimum removal was obtained in the deepest ponds. ABPs
achieved higher removal efficiency of ammonium for each pond compared to the
removal efficiency achieved in the ponds of duckweed system (Figure 4.15). However,
the highest NH," removal rates were observed in the deepest ponds in both systems. This
could be attributed to the highest flow rate applied to these ponds (in order to maintain
equal total HRT for the three lines) therefore, highest rate of NH," enters these ponds.
However, NH4 removal rate over rate of NH,  enters the system (removal efficiency)
was not the highest compared to other shallower ponds. Therefore, these ponds were
unable to achieve highest removal efficiency compared to other shallower ponds.
However, an optimization can be made between depth and removal efficiency to achieve

lowest land requirement.

Nitrogen compounds are removed from DBPs and ABPs by sedimentation of SS with
organic nitrogen, ammonia volatilization, nitrification and denitrification. However,
sedimentation is not expected to play a major role in NH," removal because it is in the
ionic form (Steen, 1998). However, ammonia volatilization and/or denitrification in

ABPs and DBPs are expected to be equal, as the duckweed cover did not provide a
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physical barrier for volatilization (Zimmo, 2003). Moreover, nitrification could take
place in the last pond in each line and in all ponds (where DO concentration > 0.5 mg/L)
of the first and second periods, respectively (Taylor and Bishop, 1989), this could favour
NH," removal through volatilization in these ponds. Furthermore, pH and temperature in
both periods were optimal for occurrence of nitrification process (Metcalf and Eddy,
1991). However, Nitrifiers are known to prefer attachment to solid surfaces (Focht and
Verstraete, 1977; Underhill and Prosser, 1987; Verhagen and Land brook, 1991). But in
the first period the repeated removal of duckweed mat could prevent nitrifiers to thrive

on the root zone of duckweed (Alaerts et al., 1996; Reed, 1988; Zimmo, 2003).
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Fig. 4.15. Average values for the removal efficiencies (%) of NH," in the nine ponds of the two
experimental periods. The vertical columns represent the average values NH;" removal. The bars
represent the standard error (+o/n"?).

Likewise, the smooth ponds surface is not expected to be favourable for attachment of
nitrifiers. However, high volume to surface/mat ratio enhances nitrification process
(Zimmo, 2003). Nevertheless, the opposite was noticed when the shallowest ponds
(lowest volume to surface ratio) achieved the highest removal efficiencies compared to
other ponds. This suggests that nitrification did not play a major role in removal of NH,"
in both periods. However, heterotrophic denitrification could take place in the anaerobic
zones of the ponds. Nevertheless, a complete nitrogen mass balance is highly

recommended to approve/ disapprove these predictions.
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4.3.5 Total Kjeldahl nitrogen (TKN) removal

TKN was measured weekly throughout the two experimental periods. Average TKN
concentration in the influent of UASB-septic tank throughout the experimental period
(two periods) was 78 mg/L and the average TKN concentration in effluent of UASB-
septic tank was 68 +6.7 mg/L, the range of its’ value throughout the experimental period
was 55-78 mg/L (Al-Shayah, 2005). Consequently, UASB-septic tank was not efficient
in removal of TKN in our system. Therefore, most of TKN removal was achieved in the

pond system throughout the two periods.

4.3.5.1 TKN removal in DBPs

TKN was measured in the first experimental period. The average value for the influent
TKN concentration was 84.1 = 5.7 mg/L. significant decrease in concentration was
observed in the effluent of the first pond in each line compared to the influent to these
ponds (p < 0.05). Average TKN concentration in the effluent of the three lines (90, 60
and 30 cm) were 59.1 £ 6.1, 53.7 + 3.3 and 44.8 + 4.6 mg/L, respectively. Figure 4.16
shows the average values of TKN concentration at the influent and effluent of the nine
DBPs. Moreover, significant decrease in removal efficiency was observed among the
successive ponds in each line. Likewise, significant decrease was observed in the
removal efficiency among the three treatment lines for this period as the depth increase
(p < 0.05). The removal efficiencies of the three lines (90, 60 and 30 cm) were 29.4 +
6.8%, 35.7 £ 5.2% and 44.5 £+ 6.3%, respectively. Nevertheless, highest TKN removal

rates were achieved in the deepest ponds compared to other ponds (Table 4.5).

TKN concentration in the influent to pond system was slightly higher than the
concentration reported in the effluent of the UASB-septic tank. This could be attributed
to probable accumulation for organic nitrogenous particles that settled in the holding
tank. Removal efficiency did not exceed 50% in the best cases. Furthermore, According
to Figure 4.16, TKN removal efficiency had an inverse proportionality to the depth
ponds. This result indicates that the main mechanism for organic nitrogen removal is
sedimentation. Moreover, in the light of literature, sedimentation is enhanced by

increasing surface/volume ratio (Korner and Vermaat, 1998; Steen et al., 1998). The
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latter explains the higher removal efficiencies of TKN in shallower ponds. Additionally,
this result is highly supported in literature; similar results were reported by Javed (1995).
The latter achieved TKN removal efficiencies of 86%, 33% and 17% in 10 cm and 95 cm
plug flow reactors, but the 17% efficiency was achieved in fully mixed reactor (no

sedimentation for organic nitrogen).
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Fig. 4.16. Average values of TKN concentration in the influent and effluent of the nine DBPs.
The bars represent the standard error (xo/n"?).

Ammonium in this system represented 63-72% of TKN. Therefore, in addition to
sedimentation, ammonia volatilization and denitrification (as discussed later) could be
played a major role in removal. Moreover, heterotrophic nitrification and denitrification
take place in anoxic zones (Zimmo, 2003), where organic nitrogen is decomposed by
anoxic bacteria into ammonium and ortho-phosphate (Metcalf and Eddy, 1991).
Therefore, the produced ammonium from organic nitrogen decomposition could take

place by the aforementioned pathways.

4.3.5.2 TKN removal in ABPs

The average value of TKN concentration in the influent during the second experimental
period was 88.8 £ 1.8 mg/L. significant decrease in TKN concentrations was observed
between the influent and effluent of the first pond in each line (p < 0.05).
Likewise, significant decrease was also noticed among TKN concentration in the

effluent of the successive ponds in each line (p < 0.05). Average TKN
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concentrations in the effluent of the three lines (90, 60 and 30 cm) were 47.2 +
1.7, 43.8 £2.7 and 33.7 £ 4.0 mg/L, respectively. Therefore, maximum removal
efficiency was achieved in the shallowest ponds. Figure 4.17 shows average TKN
concentrations in the influent and effluent of the nine ABPs. The removal
efficiencies achieved in the three lines (90, 60 and 30 cm) were 45.4 + 3.1%, 49.3
+ 4.3% and 61.1 = 4.5%, respectively. However, no significant difference in
removal efficiency was observed between line one (90 cm depth) and line two (60
cm depth). Nevertheless, maximum TKN removal rate was achieved in the deepest
ponds compared to other shallower ponds (p < 0.05). The values of average

removal rates are shown in Table 4.5.

Table 4.5. Average values of TKN removal rates in the nine ponds for the two experimental
periods and the values of standard error (+o/n'?) for each pond. All values are measured in

(mg/m>.d).

Period PL; p:L4 psL4 piL: p:L: psL: pils p:1; psLs

DBPs Avg. 511 235 | 1044 | 550 | 253 659 | 508 129 265
S. E. 101 145 175 120 112 | 227 35 46 71

ABPs Avg. 1355 | 1799 | 821 977 | 1045 | 848 | 945 | 430 380
S. E. 339 391 254 151 325 157 120 121 36

TKN concentration in the influent to the pond system for this period is slightly
higher than the reported value for the latter concentration in the effluent of the
UASB-septic tank (Al-Shayah, 2005). This could be attributed (as the case in DBPs
period) to probable accumulation in the holding tank. An inverse proportionality
was observed between depth and removal efficiency of TKN. Similar justification
(as previously discussed in DBPs) can be given also to this result; surface to
volume ratio in the shallowest ponds was the highest among the other groups of
ponds. Consequently, sedimentation and volatilization were enhanced in these
ponds compared to other ponds. Moreover, the increase in average pH in the nine
ponds in this period (as discussed before) also favored the processes of
sedimentation, denitrification and ammonia volatilization (Zimmo, 2003), this could
justify for the higher removal efficiency of TKN achieved in this period. Similar
results were reported by (Zimmo, 2003; Al-Jabari, 2003; Caicedo, 2002; Reed, 1988;
Steen, 1998; Alaerts et al., 1996).
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Fig. 4.17. Average values of TKN concentration in the influent and effluent of the nine ABPs.
The error bars represent the standard error (+o/n'?) at a level of significance p < 0.05.

4.3.5.3 Comparison between the two periods in TKN removal

TKN concentration in the influent for the first experimental period was slightly lower.
However, TKN removal efficiency and removal rate in the first experimental period was
lower compared to the second experimental period. This could be attributed to the higher
values of pH detected in the ponds during the second experimental period compared to
that in the first experimental period. Higher removal efficiencies for ABPs compared to
DBPs were reported in literature despite the fact that algae remains in the effluent and
then organic nitrogen remains in the effluent. Zimmo (2003) reported Annual nitrogen
removal efficiencies in ABPs and DBPs were respectively 73% and 54% (depth = 0.9 m
and HRT = 28 days). Several studies concluded that shallower ponds were more

promising in nitrogen removal (Steen, 1998; Javed, 1995; Awadallah, in preparation).

Most of aforementioned studies attributed this result to the higher quantity of sediment
occurred in the shallow ponds, ability of higher uptake by duckweed and higher rates of
denitrification and ammonia volatilization. Literature shows that the amount of sediment,
nitrification and denitrification and ammonia volatilization are dependent on pH value
(Ferrara and Avci, 1982). Sedimentation in the form of particulate organic nitrogen
(probably decaying algae biomass), was considered as the largest nitrogen flux in ABPs

(Zimmo, 2003). additionally, the difference between some removal efficiencies
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mentioned in previous researches and the results achieved in our system is the large
difference in the environment conditions i.e. aerobic or facultative, climate, HRT, and

influent wastewater characteristics.
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Fig. 4.18. Average values for the removal efficiencies (%) of TKN in the nine ponds of the two
periods. The vertical bars represent the average values TKN removal. The bars represent the
standard error (+o/n'?) at a confidence level.

4.4  Sedimentation

A difference in the colour and shape of sediment of DBPs and that of the ABPs was
observed. The colour of DBPs sediment (first group) was brownish while the colour of
ABPS sediment (second group) was olive-green which indicates the presence of decayed
algae. Table 4.6 shows the main results obtained from sediment testing. The tests that
were conducted in this test were TN, COD ands TP. According to Table 4.6, higher
quantities of sediment were found in ABPs compared to DBPs. This result was reported
also by Zimmo (2003) who reported Moreover, considerable amounts of pollutants
were removed via this pathway in our system. N-removal by sedimentation in both algae
and duckweed systems increased with increase in pH, and was higher in algae systems

than in duckweed systems (Zimmo, 2003).
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Table 4.6. Average values of quantities and contents of sediment that was collected from the
DBPs and the ABPs. COD, TP and TKN sedimentation rates are measured in (mg/m”.d).

Parameter PiL,; p2L4 psLy pil2 p:L2 psL. pils p:13 psLs
Sed. Depth (cm) 1.2 0.9 0.7 0.6 0.5 0.2 0.3 0.2 0.1
COD (mg/L) 20583 | 18958 | 14925 | 20500 | 19025 | 15850 | 19925 | 15567 | 13783
TP (mg/L) 413 543 303 289 636 349 114 391 274
& | TKN (mg/L) 798 476 952 728 | 2184 | 700 714 392 322
2 Volume (L) 942 | 7.07 | 550 | 4.71 3.92 1.57 | 2.36 1.57 | 0.79
COD sed. rate” | 3529 | 2438 | 1493 | 1757 | 1359 | 453 854 445 197
TP sed. rate’ 71 70 30 25 46 10 5 11 4
TKN sed. rate’ 137 61 95 62 156 20 31 11 5
Sed. Depth (cm) | 1.4 0.8 0.8 1.3 1.0 0.7 1.0 0.7 0.4
COD (mg/L) | 18167 | 15142 | 12742 | 18800 | 15550 | 11675 | 15817 | 14967 | 13350
TP (mg/L) 1421 | 1275 | 491 423 889 386 612 467 423
& | TKN (mg/L) 798 476 952 728 | 2184 | 700 714 392 322
% Volume (L) 11 6 6 10 8 5 8 5 3
COD sed. rate’ 3633 1730 | 1456 | 3491 | 2221 1168 | 2260 1497 763
TP sed. rate’ 284 146 56 79 127 39 87 47 24
TKN sed. rate’ 160 54 109 135 312 70 102 39 18

+: Sed. Depth = sediment depth. Sed. rate = sedimentation rate.

The results obtained in our system are in line with the results reported in literature for
most of the parameters. According to literature, the sedimentation in ABPs compared to
DBPs is significantly higher (Zimmo, 2003). However, different conclusions were drawn
concerning the importance of this pathway for nitrogen removal. For example, Avci
(1982) found that sedimentation was the main removal pathway for nitrogen. Similar
conclusion was stated by Zimmo (2003) who reported (based on complete nitrogen mass
balance) that sedimentation in ABPs and DBPs were 33-40% and 30-33%, respectively.
However, the lower water velocity (settling velocity) in his ponds (due to higher surface
area 3*1 m) could be the reason for better results for nitrogen removal through
sedimentation. Furthermore, Steen (1998) who studied the performance of DBPs (fed by
anaerobically pre-treated wastewater) in nitrogen removal reported a total removal of
nitrogen by sedimentation of only 8%.However, settling velocity in the latter’s plant was
higher compared to the pilot plant reported by Zimmo (2003) Table 4.7 shows the
percentage of sediment contribution in the pollutants removal for the two experimental

periods.
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Table 4.7 Percentage of TKN, TP, and COD removed via sedimentation in the three treatment
lines in the two experimental periods. The values of pollutants concentration express the average
value of concentration of pollutant at the influent throughout the time of each experimental
period.

Line # Parameter |Concentration in the |Contribution of sedimentation
influent (mg/L) in removal (%)
TKN 84 4.0
First line TP 15 4.5
COD 801 1.7
- TKN 84 13.2
% |Secondline |TP 15 8.4
2 COD 801 42
TKN 84 10.8
Third line TP 15 7.0
COD 801 5.9
TKN 89 4.2
First line TP 16 9.1
COD 331 5.6
- TKN 89 35.1
% |Secondline |TP 16 24.0
< CoD 331 311
TKN 89 23.8
Third line TP 16 32.6
COD 331 429

It is clear from Tables 4.6 and 4.7 that sediment depth and therefore the removal of the
mentioned pollutants via sedimentation were significantly higher in the second
experimental period (4.2-35.1 %) compared to the first experimental period (4.0-13.2 %).
Moreover, Nitrogen removal via sedimentation was not dependent on depth. This could
be attributed to the low difference in depth among the three lines of ponds. However,
increasing the number of cups used to collect sediment and increasing the difference in

depth between ponds could achieve better results.

4.5 Nitrogen mass balance

The mass balance equation (equation 3.4) was used to calculate nitrogen budget in the
three lines for the two experimental periods. The results for nitrogen mass balance are
depicted in Table 4.8. According to the nitrogen mass balance equation, nitrogen
removal via ammonia volatilization and denitrification were not measured for our system
in the two experimental periods. Therefore, the values for nitrogen removed via these

pathways were lumped (AV +D).
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Table 4.8. Nitrogen budget for the DBPs and ABPs systems. The listed values are in (mg/L).

DBPs
Term Infl. | P.Ly | poLi | psla | pila | pola | psla | pils | p21s | psls
TN 84.1 | 76.8 | 673 | 59.1 | 725 | 65.1 | 53.7 | 70.6 | 563 | 448
N removed 0 73 9.5 8.1 11.6 7.4 113 | 134 | 143 | 11.5
Sedimentation 0 1.6 0.7 1.1 1 2.4 0.3 1 0.4 0.1
AV+D 0 5.7 8.8 7 10.6 5 11 124 | 139 | 114
ABPs
TN 88.8 | 747 | 558 | 472 | 735 | 57.1 | 43.8 | 592 | 457 | 337
N removed 0 142 | 18.8 8.6 153 | 164 | 133 | 297 | 135 | 11.9
Sedimentation 0 1.6 0.7 1.1 1 2.4 0.3 1 0.4 0.1
AV+D 0 126 | 18.1 7.5 14.3 14 13 287 | 13.1 | 11.8

As shown in Table 4.8, most of nitrogen removed could not be accounted for. Therefore,
other unmeasured nitrogen removal pathways were the major nitrogen pathways in our
system. In the light of literature, contradictory conclusions were found concerning the
prediction for the main mechanisms and pathways responsible for nitrogen pathways.
Some studies concluded that ammonia volatilization was the main nitrogen removal
mechanism (Steen, 1998; Caicedo, 2003). Other studies concluded that denitrification
was the main mechanism for nitrogen removal (Zimmo, 2003; Awadallah, in
preparation). A prediction for ammonia volatilization and denitrification (as discussed

later) was made on the light of previous studies.

4.6 Prediction for the unaccounted nitrogen removal mechanisms

4.6.1 Ammonia Volatilization

Ammonia volatilization values in the ponds were not measured in this research.
However, it was mentioned that the proportions of ammonium ion (NH,;") and free
ammonia (NH3) are pH and temperature dependent (Erickson, 1985) which were
measured throughout the two experimental periods. Therefore, equation 3.5 by Clement
and Merlin (1995) was used to calculate the unionized fraction of NH,". Moreover, the
mass transfer equation (equations 3.6 and 3.7) with the assumption that the concentration
of the ammonia gas in the atmosphere is zero was used to estimate the average ammonia
volatilization from each pond of the two experimental periods. Table 4.9 shows the

calculated values for NH; and ammonia volatilization.
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According to the results presented in Table 4.9, ammonia volatilization played a
negligible role in nitrogen removal in our system. From a chemical point of view, both
forms of ammonia (ionic and gaseous) are available at equal concentration at pH of 9.4
and temperature of 20 °C. Therefore, ammonia volatilization is of considerable amount at
high pH values only (Ferrara and Avci, 1982), which was not available in our system.
Accordingly, the low pH in the ponds throughout the two experimental periods could be
the reason for the low contribution of ammonia volatilization in nitrogen removal. The
effect of depth and HRT were considered in the model used for calculations of ammonia
volatilization, the model suggests that ammonia volatilization inversely proportioned to

depth. This was reflected by the increase in nitrogen volatilization as the depth decrease.

Table 4.9. results for calculations for the fraction of unionized ammonia (according to equation
3.5) and Ammonia volatilization amounts in the system (according to equations 3.6 and 3.7).

D,L; | D;L; | D;L; | D;L; | DL, | D31, | D4L3 | D13 | D513

% of ionized ammonia' | 1.5 1.6 1.3 1.8 1.6 2.1 2.8 3.1 33

DBPs | Ammonia (mg/L) 0.8 [ 0.8 ] 0.5 1.0 [ 0.8 | 0.8 1.2 1.3 1.0
AV (mg/L.d)* 0.08 | 0.08 | 0.05 | 0.14 | 0.11 | 0.12 | 0.35 | 0.36 | 0.29
AV (mg/L)* 0.7510.78 1 050 | 1.33 | 1.07 | 1.09 | 3.27 | 3.34 [ 2.71

Aily | Aoy | AsLy | AdLz | Aol | Asly | Aqls | Aol | AsLs

% of ionized ammonia' | 3.9 52 7.7 3.7 5.0 5.1 3.6 6.0 11.2

ABPs | Ammonia 201 20| 24 |21 201 14] 15| 19| 25

(mg/L)
AV (mg/L.d)’ 0.16 | 0.16 | 0.21 | 0.26 | 0.20 | 0.17 | 0.36 | 0.45 | 0.77
AV (mg/L)’ 151 | 152 1194 ) 244 | 1.86 | 1.57 | 341 | 417 | 7.14

1: Calculations based on Clement and Merlin (1995) model.

2, 3: Calculations were based on Stratton (1969) model, AV stands for ammonia volatilization.

Several studies considered ammonia volatilization in waste stabilization ponds plays a
major role in nitrogen removal (Ferrara and Avci, 1982; Mara and Pearson, 1986). Steen
(1998) studied nitrogen removal in combined DBPs and ABPs with anaerobic
pretreatment he reported that more than 50% of the influent nitrogen could not be
accounted for in the balance. He assumed that it was volatilized and contributed to 59-
73%. Caicedo (2002) considered also similar assumption. However, none of these
studies was based on complete nitrogen mass balance. Therefore, their assumptions
could not be considered as facts. However, the complete nitrogen mass balance
conducted recently by Zimmo (2003) proved that ammonia volatilization in DBPs and
ABPs played a minor role in nitrogen removal. He reported that the ammonia

volatilization during the study period in any system did not exceed 1.5 % of total influent
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ammonium. Therefore, it can be said confidently that the calculations for nitrogen
volatilization in our system were able to reflect the actual situation. However, for
achieving concrete results, it is recommended to conduct ammonia volatilization in

further research.

4.6.2 Denitrification and other insignificant nitrogen pathways

According to the nitrogen mass balance equation, the majority of nitrogen in our system
was removed occurred via denitrification and other insignificant nitrogen pathways. In
the light of literature, the insignificant nitrogen pathways play a negligible role in
nitrogen budget. Therefore, most of nitrogen removed could be attributed to
denitrification mechanism (Figure 4.19). From chemical point of view, the optimum
temperature for occurrence the nitrification and denitrification processes is between 25 to
35°C and the optimum pH is between 7 to 8 (Metcalf and Eddy, 1991). According to the
reported conditions in our system, it was shown that most of the conditions crucial for
occurrence of nitrification and denitrification processes were available. In reality,
nitrification can occur in the upper zone of the water column. However, denitrification
occurs into reduced environments in the water column or in the sediments (Caicedo,
2002; Steen, 1998). The relative small ponds depth of 30 to 90 cm resulted in high
surface area per volume ratios. It is likely that this will enhance the surface and/or
volume related processes of nitrogen removal, such as denitrification and sedimentation.
Because the amount of light available per pond volume is higher compared to deeper
ponds. This would result in higher algae growth and consequently in an increase in
oxygen produced via photosynthesis. This would favour nitrification, the limiting step

for denitrification (Zimmo, 2003).

The high contribution of nitrification and denitrification in nitrogen removal via
heterotrophic nitrification in the sediment could take place by heterotrophic nitrifying
bacteria that can oxidize both inorganic and organic nitrogen compounds (Van Luijn
1997; Verstraete and Alexander, 1973) at low oxygen concentration (Laurent, 1971 as
cited by Green et al.,, 1996). Recently, Zimmo (2003) reported through complete
nitrogen mass balance that denitrification was the dominant nitrogen removal mechanism
(15-25% of TN). This result supports the result obtained via calculations for nitrogen
pathways in our system. On the other hand, several studies concluded that nitrification

and denitrification do not play a major role in nitrogen removal (Ferrara and Avci, 1982;
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Mara and Pearson, 1986; Caicedo, 2002; Steen, 1998; Javed, 1995). However, these
studies based on incomplete mass balance. Therefore, these conclusions cannot be
considered in our study. Figure 4.19 shows the overall nitrogen mass balance, the values
for ammonia volatilization were calculated by the models of Clement and Merlin (1995)
and Stratton (1969) while denitrification was calculated based on nitrogen mass balance

(equation 3.4). Insignificant nitrogen pathways were neglected.

Nitrogen mass balance in L1 in DBPs Nitrogen mass balance in L1 in ABPs

Den., 19.46,

239 Den., 33.24,
0

37%

AV, 2.04, L

2%

Neff,
0,
AV. 4.96, 47.20, 53%
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Sed., 3.4, N 6%
4% 71%
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O Neff. B Sed. O AV O Den. O Neff. B Sed. O AV O Den.
(a) (d)
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Fig. 4.19. Nitrogen mass balance for the three lines in the two experimental periods each pie
chart includes the value of each term (mg/L) and the percentage for this term from TN in the
influent. Den, AV, Sed. and N stand for denitrification, ammonia volatilization, sedimentation
and concentration of nitrogen in the effluent, respectively. Figures (a,b,c) represent the case in
the first, second and third lines of DBPs, respectively, whereas figures (d,e,f) represent the case
in the first, second and third lines of ABPs, respectively.
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4.7 Land requirement

Different guidelines and regulations are considered worldwide to balance between the
reused water quality objective and the financial support that the country has to afford to
achieve the desired quality level (Abu Madi, 2004). Table 4.10 shows the effluent quality
requirement according to the Jordanian, USEPA and WHO guidelines for restricted
irrigation.

Table 4.10. Effluent quality for the three DBPs and ABPs line systems against the Jordanian,

USEPA, and WHO standards for restricted irrigation with reclaimed wastewater (mg/L unless
otherwise mentioned).

Parameter DBPs ABPs Jordanian USEPA | WHO
90 60 30 90 60 30

pH 7.1 7.6 7.3 7.7 7.8 7.7 6-9 6-9 6-9
COD 258.6 | 205.0 | 174.8 | 158.8 | 162.6 | 152.1 500 50-150 200
TSS 60.8 70.9 66.1 | 133.8 | 88.5 | 153.1 200 <30 50
TDS 818.5 | 828.5 841 773.6 | 780.6 | 760.4 2000 500-2000 --
DO 1.19 1.36 1.69 3.7 3.8 4 >2 0.5 --
TKN 59.1 53.7 44.8 47.2 43.0 33.7 50-100 -- --
NH," 418 | 37.6 | 323 | 307 | 272 | 222 25-50 - -
TN 59.1 53.7 44.8 47.2 43.0 33.7 100 -- 10-30
TP 9.4 9 7.8 8 6.8 54 15 0.1-30 --

Source: USEPA, 1992; Al-Lafi, 1996; Bahri, 1998; WERSC, 1998 (as quoted by Abu Madi, 2004).

Jordanian guidelines for restricted irrigation were achieved for the three lines of the
treatment system for ABPs. Therefore, the use of the deepest ponds for achievement of
these guidelines proved to be more feasible with respect to land requirement which was
for the ABPs (according to the exponential-removal curve, R* = 0.8481) equals to 0.80
m’ /capita. On the other hand, when USEPA or WHO guidelines for restricted irrigation
are considered to determine the quality standards, then the land requirement seems to be
high which make the application of such system economically more expensive. The per
capita land requirement according to USEPA and WHO guidelines for restricted
irrigation in the deepest ponds (measured in m” /capita) are respectively 4.3 and 6.9 for
DBPs and 1.2, 3.9 for ABPs. Nevertheless, USEPA or WHO guidelines for restricted
irrigation, could be considered where land could be available at reasonable price. This
does not exclude urban areas where pond systems for nutrient utilisation can be planned

outside the city at convenient locations.Table 4.11 shows the land requirement for each
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depth for DBPs and ABPs against each guideline (excluding land requirement by UASB-

septic tank which equals 0.12 m*/capita). Equal flow rate (75 L/d) was used in

calculation land requirement for all the lines.

Table 4.11. Land requirement (in m*/capita) for each pond depth in DBPs and ABPs to achieve
the Jordanian, USEPA and WHO guidelines for restricted irrigation concerning TN, COD and
TSS. The flow rate that was used to estimate the land requirement was 75 L/d.

Land Requirement

Land Requirement

Land Requirement

System I;Jei Il:fh acc.ording to according to USEPA according to WHO
Jordanian Standards Standards Standards
TN
920 0.0 6.9
DBPs 60 0.0 8.4
30 0.0 11.7
920 0.0 3.9
ABPs 60 0.0 5.5
30 0.0 7.8
COD
90 0.8 3.2 2.6
DBPs 60 0.8 3.8 3.1
30 1.3 7.3 5.9
90 0.0' 1.2 0.3
ABPs | 60 0.0' 2.4 0.8
30 0.0' 7.1 4.3
TSS'
90 0.0° 4.3 3.1
DBPs | 60 0.0° 6.8 4.8
30 0.0° 12.4 8.8
land required to comply with all mentioned guidelines for restricted irrigation3
920 0.8 4.3 6.9
DBPs 60 0.8 6.8 8.4
30 1.3 12.4 11.7
90 0.0' 1.2 3.9
ABPs | 60 0.0' 2.4 5.5
30 0.0' 7.1 7.8

1:TSS is increasing with time, therefore it was not included in land requirement calculations, However a
tertiary treatment is recommended (a duckweed-covered pond could be a good alternative).

2: TSS concentration in the effluent of the three DBPs lines complied with Jordanian guidelines for
restricted irrigation (200 mg/L).

3: The highest value of land requirement among all values listed for each pond was considered.
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Land requirement for the deepest line was the least among the three depths in the two
experimental periods. It was also shown that a significantly larger land is required to
comply with the stringent WHO guidelines rather than the Jordanian guidelines. The
consideration of WHO or Jordanian guidelines for determination effluent standards may
be referred to the willingness of the country to pay for treating wastewater and to the
degree of restriction of types of plants to be irrigated. The reduction of TN to 100 mg/L
(Jordanian guidelines for restricted irrigation) did not require any further land after
UASB-septic tank, while the reduction of TN to 30mg/L (WHO guidelines for restricted
irrigation) required high land 6.9 m” /capita (R* = 0.994), 3.9 m”/ capita (R* = 0.998) in
DBPs and ABPs respectively (excluding associated facilities).

Consequently, land requirement for DBPs is considered higher than that for ABPs in our
system. However, land requirement in our system is considerably lower than the reported
land requirement reported for waste stabilization ponds by Burka (1996, as quoted by
Mara and Pearson, 1998) who mentioned that land required for WSP in Germany ranges
between 10 and 15 m?/capita to comply with EU directive on wastewater treatment.
Actually, this area requirement may be reduced through optimization of ABPs and DBPs
making these systems more attractive. Zimmo (2003) reported that DBPs require 2-4
m*/capita (depending on influent strength of wastewater and effluent guideline
requirements). He reported a decrease in land requirement by 10% when ABPs are used.
However, an integrated system combining ABPs and DBPs could be a proper solution

for nutrients and FC removal at reasonable land requirement (Steen, 1998).

4.8 UASB-septic tank followed by pond system

It was mentioned before that, the problem with stabilization ponds system that is
considered as a cheap wastewater treatment method is the high land requirement.
Therefore, the main objective of this research was to test the ability of UASB-septic tank
and increasing the depth of the ponds to significantly reduce land requirement and
therefore make this cheap alternative more attractive mainly for the poor regions of the
world particularly in Palestine. The main results of this research concerning the removal
of main pollutants forms are depicted in Tables 4.12 and 4.13. In the calculations for

removal efficiencies of different pollutants in the aforementioned tables, the considered
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initial concentrations were the influent to the UASB-septic tank. Therefore, there are

differences in the removal efficiencies for different pollutant forms.

It is clear from Tables 4.12 and 4.13 that integration in treatment is found between the
UASB-septic tank and the pond system in the two experimental periods. Most of the
organic load was removed in the UASB-septic tank, while most of the nutrients load was
removed in the pond system. This result was found in several studies in literature when
additional treatment for the effluent from anaerobic systems was recommended to meet
secondary quality standards in terms of oxygen consuming substances and odor problems
(Buitrago et al., 1994; Jewell, 1987; Giraldo, 1993; Vieira, 1992). Similar result was
reported by Al-Juaidy (2001) who concluded that UASB-septic tank presented an
effective on-site treatment. He suggested that another post treatment unit should be
added to reach the acceptable requirements for reuse of wastewater and to treat nutrients
and pathogens. It is shown in Table 4.12 and 4.13 that the overall efficiency for the
system (UASB-septic tank and pond system) throughout any line was almost the same..
For example the overall COD removal efficiencies in the integrated system for the
second experimental period (lines with depth 90, 60 and 30 cm) were 87%, 86% and
87%, respectively. Similar results were found for other parameters. This actually
encourages the use of deepest ponds rather than shallowest ponds for large-scale

application.
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Table 4.12 Research results for the average effluent concentrations and removal efficiencies (%) for the overall system (including results for UASB-septic
tank) during the first experimental period under the imposed operational conditions. The standard deviations are presented between brackets.

Par. | Inf.! fff%‘f;g DL, D,L, D;L, DL, D,L, D;L, DL, D,L, D;L;
Avg. | Avg. % Avg. % Avg. % Avg. % Avg. % Avg. % Avg. % Avg. % | Avg. | % Avg. %
H 75 7.4 7.4 7.4 7.4 7.5 7.5 7.6 7.7 7.7 7.8
P Tl T oD | T 02| T | D - on | T o3| T |lon]| T loOn| " {on| @O | ~
DO 0 0.06 0.5 1.19 0.15 0.16 1.36 0.15 0.22 1.69
nm - (0.02) - (0.19) - (0.44) - (0.07) - (0.03) - (0.48) - (0.06) - 0.1 - (0.78) -
TS nm nm -- nm -- nm - nm - nm -- nm -- nm - nm - nm - nm -
TSS | 614 117 80 146 76 114 81 61 90 143 77 91 85 71 88 133 78 83 87 66 89
(19) | @&6) | (13) | @) | BO) [ &) | (19 (3) 1) |1 @ [ de) { G | A | G | 22 | @ [ CH | O | @23 | ¥
™S | nm 973 B 913 _ 943 _ 819 _ 826 B 852 B 829 _ 795 _ 851 _ 841 _
(31) (35) ®) (30) (20) (37) (21) (33) (29) (42)
cop | 1185 493 58 447 62 295 75 258 78 382 68 213 82 205 83 300 75 249 79 175 85
95 | (O | (A24) | (10) | (30) | (2) | (45 (4) 76) | © | G4 | D | @) | (D | @ | @ [C®| G| G6 | OB
TP 14 14.2 -2 12.6 10 10.5 25 94 33 12.7 9 10.7 23 9.0 35 13.5 3 11.1 21 7.8 44
(1.1) | (9.8) | (0.3) (2) (0.4) 3) (0.5) 3) (0.3) (2) (0.4) 3) (0.2) (2) (0.6) @ (O] B (1.5) | (11)
NH. | 589 59 -04 | 55.2 6 52.8 10 41.8 29 51.9 12 479 19 37.6 36 44.6 24 | 40.6 | 31 323 45
4 ’ (4.4) ®) 22 |G| @7 | @D 09 [ (1.5 | B0 [GDH]| 40 (6.8 (1. | 29| (1.0) [ (1.7) | (0.5 | (0.9) | (2.5) | 4.2)
TKN | 78 68 12 76.8 2 67.3 14 59.1 24 72.5 7 65.1 17 53.7 31 70.6 9 56.3 28 448 43
6.7) | (10) | (6.6) | (85| (6.6) [ (8.5 | (82) | (10.5) | (6.8) | (87| BT | @& 7D | &5 |G| (49 | (6.2)] (6.3) ]| (8.1)| (6.2) | (7.9

1: source for all values of parameters in the influent and effluent and removal efficiencies of UASB-septic tank: Al-shayah (2005).
All parameters in mg/L except: pH no unit.
Par. = parameter; Avg. = average; inf. = influent; nm = not measured.
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Table 4.13 Research results for the average effluent concentrations and removal efficiencies (%) for the overall system (including results for UASB-septic
tank) during the second experimental period under the imposed operational conditions. The standard deviations are presented between brackets.

Par. | Inf.! fff%‘f‘s'g AL, AsLy AsL, AL, AsL, AsL, AiL; AsL; AsL;
Avg. | Avg. % Avg. % Avg. % Avg. % Avg. % Avg. % Avg. % Avg. % Avg. % Avg. %
pH 7.4 7.8 8.0 8.2 7.8 8.0 8.0 7.8 8.3
7.5 |(0.14) -- (0.1) -- (0.1) -- (0.1) -- (0.1) -- (0.1) -- (0.1) -- (0.1) -- 8.0 (0.1) -- (0.0) --
DO 1.3 2.7 3.7 1.5 2.9 3.8 1.7 4.0
nm 0 -- (0.3) -- (0.9) -- (1.2) -- (0.8) -- (1.0) -- (0.4) -- (0.5) -- 3.1(0.6) -- (0.3) --
TS 1051 1030 1085 1057 1064 1029 930 1176
nm nm -- (39) -- (52) -- (40) -- (45) -- (36) -- (56) -- (196) -- 1034 (117) -- (53) --
TSS 117 80 148 76 162 74 134 78 128 79 143 77 89 86 131 79 78 153 75
614 19 | 4.6)| (35 | (5.7 @n | an|l an | enhH | an | 27 | 26) 4.2) | (32) 5.2) | (73) | (11.9) 136 (28) | (4.6) | (26) | (4.2)
TDS 973 801 769 774 797 778 781 784 760
nm (31) -- (24) -- (8) -- (6) -- (10) -- (6) -- (12) -- (23) -- 765 (17) -- (12) --
CcOoD 493 58 198 83 186 84 159 87 230 81 208 82 163 86 215 82 83 152 87
1185 | (95) (7) | (43) | (3.6) 44 | G| B8 | B2 | (54 | 4.6)| (65 | (5.5 | (32) 2.7) | (53) (4.4) 200 (42) 3.6)| 32| 2.7
TP 14.2 2 11.3 19 9.2 34 8.0 43 10.6 24 9.2 35 6.8 52 10 28 44 5.4 61
14 (1. | 9.8)] 0.9 6.7) | (0.7) ] (49) [ (1.0) | (6.8) | (0.5 | B34 | (0.9 6.3) | (1.2)| 87 | (0.9) | (6.3) 7.8 (0.6) 4.4) | 0.7 (5.3)
NH, 59 -0.4 | 50.8 14 38.6 34 30.7 48 56.1 5 39.7 33 27.2 54 42.0 29 47 222 63
58.9 | (4.4 (8) 74 ] (12.6) | 5.3)| (0.9 ] 5.8 | 99| 83) | (14) | (6.9 | (11.7) | (6.1) | (10.4) | (7.3) | (12.4) | 31.4(54) | (9.2) | (3.9 | (5.9
TKN 68 12 74.7 4 55.8 28 47.2 39 73.5 6 57.1 27 43.8 44 59.2 24 41 33.7 57
78 7)) (10) | B3| 42 | B | @&@D | 27| BS]| B3| 42| 6.7)| B6) | 44| (5.6) | (7.6) | (12.7) | 45.7(5.5) | (7.0) | (6.5 | (8.3)

1: source for all values of parameters in the influent and effluent and removal efficiencies of UASB-septic tank: Al-shayah (2005).
All parameters in mg/L except: pH no unit.
Par. = parameter; Avg. = average; inf. = influent; nm = not measured.
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4.9 Investigation of the causes behind duckweed death

As mentioned before, there are suitable conditions in which duckweed can survive and
contribute in the treatment process. However, different limits were found in literature for
the highest and/or lowest concentration of different pollutants in wastewater in which
duckweed can survive. Therefore, a number of batch experiments were carried out in
parallel along the main experiments to determine the criteria in which duckweed can
survive and the specific reasons for the death of duckweed. The main tests that were
carried out were related to the effect of wastewater strength and controlling the

environmental conditions and algal growth.

4.9.1. Controlling the environmental conditions related to algal growth in DBPs

In the pilot plant system, during the first experimental period, algal growth was noticed
in the DBPs system. Therefore, it was expected that algal growth was the reason behind
the death of duckweed, due to the increase in pH and therefore, the ammonia toxicity. In
order to prevent algal growth, the ponds were covered by black plastic cover (Photo 4.1).
However, oxygen replenishment, and small amount of sunlight which are vital for the
survive of duckweed, were maintained through making “holes” in the plastic cover, air
and sunlight also entered to contact the wastewater surface in the ponds through the
small area between the plastic cover and the wall of the pond. The cover was removed
regularly twice a week. This method prevented the growth of algae. However, in
practice other methods need to be investigated in order to be applied for large-

scale systems.

The reason for discussing effect of algal growth on duckweed death is not the fact that
algae are competitors for nutrients, because nutrients are available sufficiently (as
discussed before). However, some algae are very harmful to duckweed as they clog and
wrap themselves around the plant roots while others produce toxic compounds they may
cause destruction of duckweed (Edward et al., 1992). Entzeroth et al. (1986) reported
that the extracts of some blue green algae inhibit growth of duckweed. Moreover,

Gleason and Case (1986) reported that cyanobacterin which is released by the blue green
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algae inhibited the growth of Lemna. Consequently, similar reasons could be given to

justify duckweed mortality in the first experimental period.

Covering the ponds was successful in algal growth prevention. This was noticed from the
change of the color and odor of wastewater. Consequently, the pH of wastewater
decreased slightly. The difference between pH values before and after the coverage of
ponds ranged between 0.66-1.51. However, duckweed death after the coverage continued
to occur. Therefore, it was concluded that there are other reason(s) behind duckweed

death except the effect of algae.

Photo 4.1. a- The covered ponds (five days per week). b- Cover removal (for two days per
week).

4.9.2. Investigation the effect of the wastewater culture on duckweed growth

As mentioned before, the duckweed culture was the pilot DBPs of Birzeit University.
These ponds were out of operation since at least one year. The wastewater was expected
to have a low concentration of nutrients, and the duckweed grown on these ponds were
adapted to low strength of wastewater. The characteristics of wastewater from this
culture were tested. Three samples were tested from each pond from where the duckweed

was taken. The main results of this test are shown in Table 4.14.
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Table 4.14. Main characteristics for the wastewater in the duckweed culture. Each parameter was
tested three times the tabulated figures represent the concentration (+ S.E.).

Pond T pH DO NH," COD

# | range | Avg. | range Avg. range | Avg. | range | Avg. | range | Avg.
(S.E) (S.E) (S.E) (S.E) (S.E)

1 3 25.5- | 265 8.1- 8.14 2.85-| 292 54.5- | 59.8 525- 560.3
27 (1.1) 8.2 (0.06) 3.0 (0.09) 65 (5.9) 601 (42.6)

) 3 26- 26.9 8.2- 8.26 3.11- | 3.21 29-40 33 268- 287.3
27.5 | (0.9 8.3 (0.06) 3.28 (0.1) (6.9) 301 (19.5)

26- 26.7 1.95- | 2.05 40.9 348- 380

313 975 (0.9) 8-8.2| 8100.10 | 1y (0.1) 36-45 (5.2) | 412 | (36.2)

Avg. = average value. All values are in (mg/L) except for pH (dimensionless)

According to Table 4.14, it is clear that the concentrations of nutrients in the original
culture of duckweed are in the same range of the nutrients in our pilot plant. This was not
expected because the wastewater in the culture is originally from Birzeit Campus that is
classified as low to medium strength wastewater, but this could be attributed to the
evaporation of the large quantities of water from the ponds that resulted in increasing the
concentration of pollutants in wastewater. Therefore, the conclusion from this test
suggested that there is no direct relation between the wastewater characteristics and the

duckweed death in the pilot plant.

4.9.2.1 Effect of wastewater strength on duckweed growth

Referring to the results achieved in the previous two tests, and the notes taken from the
ponds of the pilot plant. The dilution test for the effluent of the UASB-septic tank was
carried out. Small buckets were used to perform this test. The test was performed in two
stages. The first stage was aimed to test if the dilution of wastewater will result in
duckweed survival. The second stage aimed to know the critical dilution that the

duckweed withstands without die off.
4.9.2.2 First dilution test

The main objective of this test was to verify if the dilution of wastewater would result in
duckweed survival. Two groups (three buckets per group) of buckets were used to
perform the experiment (the details of apparatus are mentioned previously). The same
dilution factor (1:1) was used for the entire buckets (Table 4.15). The first group of
buckets exposed to the same conditions as the ponds and the second group was put in a

shaded area near the pilot plant. Daily monitoring was made for the buckets. The
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evaporated quantity of water was made up with water of the same dilution factor.
Duckweed survived in the diluted wastewater in both groups. Dark Green cover of
duckweed was noticed and the duckweed cover density increased in the buckets that
indicated that growth took place. No difference in duckweed mat was noticed between

the two groups, this suggests that solar radiation did not affect duckweed growth.

Table 4.15. Main characteristics of the wastewater in the test buckets of the first and second
group. The figures represent the range and average (£ S.E.) for the concentration of the pollutant
in the three buckets (one sample was tested for each bucket per week).

Group | n T pH DO NH," CcoD TP
#
range | Avg | range | Avg |range | Avg | range | Avg | range | Avg | range [ Avg
(S.E) (S.E.) (S.E.) (S.E.) (S.E.) (S.E.)
1 4| 21- 22 7.18- | 7.21 | 5.01- | 521 | 23.6- | 273 | 203- | 2325 | 5-8 6.5
23 2 7.24 | (0.1) 54 | (04 31 (7.3) | 262 (58) (2.9)
2 4| 21- 215 | 73- | 753 | 3.95-| 433 | 23.1- | 257 | 221- | 241 |[38-7| 54
22 €)) 7.76 | (0.5) | 4.7 (0.7) | 283 | (5.1) | 261 39 3.1)

Avg. = average value. All values are in (mg/L) except for pH (dimensionless).

According to the results obtained in Table 4.15, the concentration of all parameters were
within the range of concentrations achieved in the third pond in each line were duckweed
death was noticed. However, ammonium was slightly higher. Nevertheless, ammonium
concentration in the original ponds was almost similar to the latter concentration in the
DBPs of our system (Table 4.14). Therefore, it was concluded that there is another
parameter or a combination of more than one parameter whose concentration was
decreased to some limit by dilution caused the duckweed death in pure wastewater.

Photo (4.2) shows the buckets at the beginning and end of the test.

(b)

Photos 4.2. A test bucket exposed to the same conditions as the ponds. a- The bucket at the
beginning of the test. b- The same bucket at the end of the test with the duckweed plant crowded
because of growth.
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4.9.2.3 Second Dilution Test

The aim of this test is to determine the concentration at which duckweed cannot survive.
Three groups of small containers were used to perform this test (photo 4.3). Each group
contained number of containers that include wastewater at different dilutions (0%, 25%,
50%, and 75%). The first group was exposed to the same conditions as the ponds, the
second group was put in a shaded area and the third group was covered in a way similar
to that of the ponds. The main results obtained in this test were that the duckweed
survived in all the buckets and containers from the three groups except for the buckets

and containers that contained wastewater without dilution (0% dilution factor).

Photo 4.3. The small containers with different dilutions (the shape of the buckets in this test is
the same as that in photo 4.2).

Table 4.16 depicts the main results achieved for the three groups in this batch
experiment. According to literature, the range of temperature in which duckweed live
without any thermal stress is (1 to 3 °C) (Wildschut, 1983) and (33 °C to 34 °C) (Oron et
al., 1985). Then the range of temperature during the experiments was suitable for the
duckweed growth. The radiation in the Ramallah district is 150-260 W/m? (ARIJ, 1997)
is lower than the very intense radiation of the Negev desert (300-600 W/m?”) which was
not found to reduce the duckweed production (Steen, 1998). Accordingly, the light
intensity is not expected to be as one of the reasons for duckweed death. It was reported
in literature that, Lemna gibba can grow in a pH range of 3 to 10 (Zirschky and Reed,
1988; Landolt, 1986; Wildschut 1983). Therefore, the range of pH in the duckweed-
based ponds was optimal for the growth of duckweed.

COD concentration was also within the range in which duckweed can live. Mandi (1995)
demonstrated that Lemna gibba could be used in primary treatment of wastewater with

COD ranging from 305-530 mg /L. Similarly, Steen (1998) reported also that the initial
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COD concentration range applied was 254—600 mg COD /L. Actually, COD value in the
first pond of each treatment line increased occasionally above 600 mg/L. Nevertheless,
COD concentration never exceeded 500 mg/L in the last pond of any line, but duckweed
death was noticed also in these ponds, but “death rate” in these ponds was observed to be

lower than that of the first ponds.

Table 4.16. Main characteristics for the wastewater in the test buckets of the three groups. The
figures represent the average for the concentration of the pollutants (one sample was tested for
each bucket per week). Note that the dilution factor X:Y means wastewater quantity : fresh water
quantity.

Condition T | pH | DO | NH/S cop | PO, | TsS TKN
Dilution Pure wastewater
Outside 24.5 7.4 0.0 55.1 867.0 12.2 82.0 71.2
Shaded 24.0 7.2 0.0 57.0 846.7 13.0 88.0 73.1
Covered 24.5 7.4 0.0 52.8 860.0 12.8 74.0 68.0
Dilution 3:1
Outside 24.0 7.4 1.3 40.8 642.5 9.3 60.7 52.8
Shaded 23.0 7.6 1.2 42.2 637.3 9.6 65.2 54.2
Covered 26.0 7.3 1.0 39.1 622.2 9.5 56.3 50.3
Dilution 1:1
Outside 24.0 7.3 3.2 23.1 385.2 5.7 37.0 35.8
Shaded 23.0 7.5 2.9 24.9 368.3 5.6 33.0 31.0
Covered 24.0 7.4 2.0 23.8 370.1 5.4 35.0 33.6
Dilution 1:3
Outside 24.5 7.5 4.8 16.7 262.2 3.8 24.8 21.5
Shaded 23.5 7.4 5.1 17.2 252.1 3.9 26.6 22.1
Covered 24.0 7.4 5.5 16.0 260.1 3.6 23.0 20.6

NH," in the duckweed ponds did not exceed 56.2 mg/L. Steen (1998) demonstrated that a
concentration of NH4;  25-100 mg-N/L did not affect the growth of duckweed.
Rejmankova, (1979) stated that duckweed can tolerate N- concentration up to 375 mg/L,
however, it is not specified that the nitrogen was in the form of NH." or NH;. However,
Zimmo (2003) reported that when wastewater from Al-Bireh was used which contained
nitrogen concentrations of >100 mg/I resulted in complete decay of duckweed. Actually
this result is important for this research, but the current system differs because total
nitrogen concentration did not exceeded 100 mg/L, and significantly lower
concentrations were observed in the last ponds of each line. Caicedo et al. (2000)
reported that a negative effect on growth of Spirodela at higher concentration than 50 mg

(NH4+ + NH;3)-N/L. Moreover, Ammonia toxicity could be the reason because at NH3-N
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concentrations of 3-7.16 mg/L, the growth rate is inhibited (Wang, 1991; Ghosh, 1994;
Zimmo, 2003; Wang, 1991; Clement and Marlin, 1995). The concentration of ammonia
was calculated before, but it never exceeded 3 mg/LL (according to calculations).
Therefore, ammonia toxicity was not the reason for duckweed death. Therefore, in order
to have concrete results, further research is required to study other probable reasons for

duckweed death such as heavy metals concentration.

95



Chapter Five

Conclusions and Recommendations

5.1. Conclusions

e The effect of depth on the environmental conditions in the ponds system for the two

experimental periods was as follows:

1- Significant increase in DO concentration was found among the effluent of the
successive ponds in each line for the two periods (p < 0.05). However, no significant
change in DO concentrations was found as the depth of the ponds decrease in DBPs

and ABPs experimental periods (p > 0.05).

2- pH values in both systems decreased slightly by increasing depth. pH values at the
surface of water column for the 90cm, 60cm, and 30 cm depths were (7.4, 7.5, and 7.7)
and (8.0, 8.1, and 8.3) in DBPs and ABPs, respectively. No significant difference was
found in average pH in the influent for the two experimental periods (p > 0.05). The

effect of depth on pH value during the two experimental periods was as follows:

a. Significant difference in pH values for the first experimental period was found
among the three lines (p < 0.05), except between the first pond of each line (p >
0.05).

b. No significant difference in pH values was observed for the three lines in the
second experimental period (p > 0.05) except for the third pond of each line (p <
0.05).

e Effect of depth on removal efficiency of different pollutants forms was as follows:

1- COD removal efficiency was found to increase as the depth of the pond decrease in the
two experimental periods. Nevertheless, average COD removal rates were observed to
be significantly higher in the line of deepest ponds compared to line of shallowest

ponds. COD removal efficiencies in the two experimental periods were as follows:
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a. Significant increase in COD removal efficiency was observed only in the third
pond in each line for the DBPs period (p < 0.05). The removal efficiencies in the
three lines (90, 30 and 30 cm respectively) were 62.5 + 5.7%, 70.6 + 11.6% and
75.4+4.1%.

b. No significant increase in removal efficiency was observed among the three lines
of ABPs (p > 0.05). The removal efficiencies in the three lines (90, 30 and 30 cm
respectively) were 51.6 + 3.2, 53.4 + 4.3, and 54 + 1.1%. Moreover, significant
increase in COD removal efficiency was observed among the successive ponds in

the first and third lines (p <0.05).

2- No relation was found between TS, TDS and TSS removal and the depth. TSS
removal efficiency in DBPs period ranged between 58-64%. However, negative TSS

removal efficiency was observed in ABPs.

3- TP removal efficiency was found to increase as the depth of the pond decrease in the
two experimental periods. Moreover, significant increase in removal efficiency was
found between the first line (90 cm) and the other two lines (30 and 60 cm), (p < 0.05).
However, no significant difference was found in TP removal at the second and third

lines (p > 0.05). TP removal efficiency in the two periods was as follows:

a. The removal efficiencies of TP for the three DBPs lines (90, 30 and 30 cm
respectively) were 38.5 + 4, 40.8 £ 3 and 48.5 + 9.2%.

b. The removal efficiencies of TP for the three ABPs lines (90, 60 and 30 cm,
respectively) were 37.6 + 6.4%, 46.4 + 10.5%, and 57.6 + 5.6%.

e The effect of depth on nitrogen removal efficiency in DBPs and ABPs ponds was as

follows:

1- Higher NH;" removal was observed at ponds with lower depth in the two experimental
periods (DBPs and ABPs). Significant increase in removal efficiency was observed
between the successive ponds in each line (p < 0.05). Likewise, significant increase in
removal efficiency was observed among the effluent of the three mentioned lines (p <

0.05). NH, removal in the two systems was as follows:
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a.

Removal efficiencies achieved in the three DBPs lines (90, 60 and 30 cm
respectively) were, 30.9 £ 1.6, 37.9 = 1.7 and 46.6 + 5.2% (p < 0.05). Nevertheless,
maximum NH;" removal rate was achieved in the deepest ponds this could be

attributed to highest flow at which this line is operated.

Removal efficiencies observed in the three DBPs lines (90, 60 and 30 cm
respectively) were 51.2 + 1.9, 569 + 29 and 64.5 £ 2.8%, respectively.

Nevertheless, highest NH;" removal rate was achieved also in the deepest ponds.

2- Higher TKN removal was observed at lower ponds depth in the two experimental

periods. Significant increase in removal efficiency was observed between the

successive ponds in each line (p < 0.05). TKN removal in the two systems was as

follows:

C.

d.

Significant increase was observed in the removal efficiency among the three
treatment lines for DBPs period (p < 0.05). The removal efficiencies of the three
lines (90, 30 and 30 cm respectively) were 29.4 + 6.8%, 35.7 = 5.2% and 44.5 +
6.3%, respectively. Nevertheless, highest TKN removal rates were achieved in the

deepest ponds compared to shallower ponds.

No significant difference was noticed between line one (90 cm depth) and line two
(60 cm depth) in TKN removal rate (p > 0.05). The removal efficiencies achieved
in the three lines (90, 30 and 30 cm respectively) were 45.4 + 3.1%, 49.3 + 4.3%
and 61.1 + 4.5%, respectively. Nevertheless, maximum TKN removal rate was

achieved in the deepest ponds compared to other shallower ponds (p < 0.05).

Main differences in removal between ABPs and DBPs (comparing similar pond depths) were

as follows:

1-

Significantly higher DO and pH concentrations were achieved in ABPs compared to

DBPs. These results could be attributed to the photosynthetic activity of algae.

Lower COD removal efficiency was achieved in ABPs compared to DBPs.

Higher TP, NH;" and TKN removal efficiencies were achieved in ABPs compared to

DBPs in the reported conditions.

Higher sedimentation rate was achieved in ABPs compared to DBPs.
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Duckweed did not survive in the anaerobically pretreated municipal wastewater at the

reported conditions.

Ammonium concentration was found in the range 32.3 mg/L and 60.6 mg/L in the ponds

system which was not toxic to duckweed.

Covering of duckweed ponds succeeded in removal of algae but it failed to rescue
duckweed. Therefore, it was concluded that algal growth in our system was not the

reason for the death of duckweed.

During the investigation for duckweed death using batch reactors that include
wastewater (effluent of UASB-septic tank) with different concentrations and exposed to
different environmental conditions (covering, shading and none), no effect was found for
the environmental conditions. However, duckweed was not affected in diluted
wastewater with the following concentrations (TKN, NH," and COD respectively) 71.2,
55.1 and 867 mg/L, respectively.

Deeper DBPs and ABPs (90 cm) proved to be more feasible compared to shallower
ponds (60 and 30 cm). 50% of land requirement could be saved when deepest ponds

were applied.

The land requirement in our system for the investigated parameters to comply with
WHO guidelines for restricted irrigation (excluding land requirement for UASB-septic
tank and other treatment plant facilities) were 6.9 and 3.9 m*/capita for DBPs and ABPs,
respectively. The influent quality during the ABPs period complied with the Jordanian
guidelines for restricted irrigation. However, land requirement according to Jordanian

guidelines for restricted irrigation for the DBPs was 0.8 m*/capita.

99



5.2. Recommendations

1.

On the basis of results presented in this research, deepest ponds (90 cm) are highly

recommended for large scale application rather than shallower ponds (60 and 30 cm).

The application of UASB-septic tank-followed by ponds system is recommended
especially in the Palestinian rural areas for enabling reuse of treated effluent for restricted

irrigation in the increasing water-scarce territories and decrease environmental problems.

According to the achieved results in this research, ABPs are more promising than DBPs as
a post-treatment unit after the anaerobic pretreatment unit in terms of land requirement,

operation and maintenance costs.

DBPs are not efficient as post-treatment unit for the high strength-black wastewater in
Palestine. Nevertheless, this system could achieve better results if it is used in treatment of

low-strength wastewater or gray wastewater.

Recommendations for further research

UASB-septic tank followed by DBPs system should be investigated with domestic
wastewater rather than municipal for detection the feasibility of such system in domestic

applications mainly for rural areas.

For achieving concrete results, another range of depths has to be tested, mainly depths
> 90cm. Furthermore, ammonia volatilization, nitrate and nitrite have to be measured in

order to achieve complete nitrogen mass balance.

For using the same system in completion this research, the holding tank has to be changed
in order to reduce the possibility of accumulation of sediment in its bottom. Moreover, the

suction point has to be installed in the center of the holding tank.

The concentrations of heavy metals (mainly CU, Cr, and Hg) have to be measured in order

to detect if there is a relation between duckweed death and heavy metals concentration.

The performance of UASB-septic tank followed by pond system should be investigated

during winter period at lower ambient temperature.
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Appendices

A.1 Removal curves for different constituents from the pilot plant system
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Fig. A.1. Removal curve of TN for the three lines (90, 60, and 30 cm depth) in DBPs (a), and
ABPs (b). The figure shows also the best-fit exponential curve and equation for each line with
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the correlation coefficient between actual points and the curve. Points 1, 2, 3 and 4 (x-axis)
represent influent, first, second and third ponds, respectively.

Duckweed Based Ponds
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0 : ‘
1 2 3
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¢ Line One ® Line Two a Line Three
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Fig. A.2 Removal curve of COD for the three lines (90, 60, and 30 cm depth ponds) in DBPs (a),
and ABPs (b). The figure shows also the best-fit exponential curve and equation for each line
with the correlation coefficient between actual points and the curve. Points 1, 2, 3 and 4 (x-axis)
represent influent, first, second and third ponds, respectively.
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Duckweed Based Ponds
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(b)

Fig. A.3. Removal curve of TKN from the three lines (90, 60, and 30 cm depth ponds) in DBPs
(a), and ABPs (b). The figure shows also the best-fit exponential curve and equation for each line
with the correlation coefficient between actual points and the curve. Points 1, 2, 3 and 4 (x-axis)
represent influent, first, second and third ponds, respectively.
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Duckweed Based Ponds
80
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NHs™ (L1)=69.586¢ "%
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N
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(a)

Algae Based Ponds
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)
=
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g
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(b)
Fig. A.4. Removal curve of NH, from the three lines (90, 60, and 30 cm depth) in DBPs (a), and
ABPs (b). The figure shows also the best-fit exponential curve and equation for each line with

the correlation coefficient between actual points and the curve. Points 1, 2, 3 and 4 (x-axis)
represent influent, first, second and third ponds, respectively.
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Duckweed Based Ponds
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Algae Based Ponds
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¢ Line One ® Line Two a Line Three ‘

(b)
Fig. AS. Removal curve of TP for the three lines (90, 60, and 30 cm depth) in DBPs (a), and
ABPs (b). The figure shows also the best-fit exponential curve and equation for each line with
the correlation coefficient between actual points and the curve. Points 1, 2, 3 and 4 (x-axis)
represent influent, first, second and third ponds, respectively.
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Duckweed Based Ponds
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Fig. A.6. Removal curve of TS from the three lines (90, 60, and 30 cm depth) in ABPs. The
figure shows also the best-fit exponential curve and equation for each line with the correlation
coefficient between actual points and the curve. Points 1, 2, 3 and 4 (x-axis) represent influent,
first, second and third ponds, respectively.
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Table A.1. Research results for the concentration, number of samples (n), range and removal
efficiencies for different parameters in the influent and effluent of the DBPs.

pH DO TSS TDS COD TP NH, TKN

Infl. | n 14 14 12 4 14 12 14 11
Range | 7.2-7.6 | 0.0-0.01 | 104220 | 795-991 | 513-866 | 12.8-16.6 | 48.4-87.8 | 50.3-101.0
Avg. | 730.1) | 0.0(0.0) | 172(5.9) | 973 (43) | 701 (241) | 153 (0.5) | 60.6 (1.9) | 84.1 (5.7)

DL;| n 14 14 12 4 14 12 14 11
Range | 7.2-7.5 | 0.02-0.7 | 66.2-153 | 811-971 | 244-555 11- | 32.4-82.4 | 48.4-116.1

16.5

Avg. | 74 (0.1) [ 0.06 (0.02) | 146 (13) | 913 (35) | 447 (124) | 12.6(0.3) | 55.2(2.2) | 76.8 (6.6)
% - - 145(9.4) | 13.6(22) | 41.2(15.9) | 17.6(2.0) | 8.8(L.7) | 8.6(2.6)

D,L;| n 14 14 12 4 14 12 14 11
Range | 7.2-7.6 | 0.4-181 72-135 | 888-967 | 229-410 | 6.5-14.7 | 40.6-76.3 | 37.9-92.4
Avg. | 74(02) | 05(0.19) | 114(30) | 943(8) | 295(30) | 10.5(0.4) | 52.8(2.7) | 67.3 (6.6)
% ~ = 33.1(18.9) | 62(0.8) | 60.8(84) |31.1(3.3) | 12.9(2.8) | 19.7(5.6)

DiL;| n 14 14 12 4 14 12 14 11
Range | 7.2-7.6 | 0.7-2.34 40-80 | 737-848 | 195-441 | 5.4-14.0 | 37.4-61.6 | 30.5-80.0
Avg. | 74(0.1) | 1.19(0.44) | 61(19) | 819(2) | 258(45) | 9.4(0.5) | 41.8(0.9) | 59.1 (3.2)
% - - 644 (11.8) | 3.1(3.2) | 66.0(6.9) | 38.5(4.0) | 30.9(1.6) | 29.4 (6.8)

DiL;| n 14 14 12 4 14 12 14 11
Range | 7.1-7.7 | 0.11-0.96 | 79.8-156 | 817-840 | 251-458 | 10.7-16.9 | 48.1-84.6 | 47.8-81.2
Avg. | 7.5(0.1) [ 0.15(0.07) | 143(13) | 826(1) | 382(76) | 12.7(0.3) | 51.9(3.0) | 72.5 (6.8)
% - - 16.7(10) | 15.8 (3.4) | 493 (13.1) | 16.7(3.4) | 143 (3.3) | 13.7(3.7)

D,L,| n 14 14 12 4 14 12 14 11
Range | 7.4-7.7 | 0.07-136 | 56-122 | 825-872 | 179-389 | 8.5-15.0 | 38.6-66.4 | 47.6-73.7
Avg. | 7.5(0.3) [ 0.16 (0.03) | 91(16) | 852(27) | 213 (44) | 10.7(0.4) | 47.9 (4.0) | 65.1 3.7)
% ~ = 46.6 (10.9) | 15.1 (3.6) | 70.5 (10.6) | 29.7 3.7) | 20.9 (5.4) | 22.3 (3.0)

DiL,| n 14 14 12 4 14 12 14 11
Range | 7.4-7.8 | 0.12-2.93 | 54-85 813-871 | 152-302 | 10.0-14.2 | 30.1-64.8 | 36.9-64.4
Avg. | 7.6 (0.1) | 1.36 (0.48) | 71(18) | 829(15) | 205(83) | 9.0(0.2) | 37.6(1.7) | 53.7 (4.5)
% - - 58.6(11.2) | 124 (0.1) [ 724 (11.6) | 40.8(3) |37.9(1.7) | 357 (5.2)

DiL;| n 14 14 12 4 14 12 14 11
Range | 7.4-7.8 | 0.08-0.57 | 88165 | 718-839 | 270-410 | 12.2-15.2 | 30.7-73.8 | 49.3-79.6
Avg. | 7.7(0.1) [ 0.15(0.06) | 133(22) | 795(33) | 300(24) | 13.5(0.6) | 44.6 (1.0) | 70.6 (4.9)
% - - 30.1 (42) | 14.8(1.7) | 59.0 (12.9) | 11.7 (1.5) [ 263 (1.1) | 15.7 (4.1)

D,L;| n 14 14 12 4 14 12 14 11
Range | 7.5-7.9 | 0.14-2.13 | 69-114 | 771-918 | 178-382 | 10.5-15.1 | 36.6-65.1 | 34.1-68.1
Avg. | 770.1) | 0220.1) | 83(31) | 851(29) | 249(58) | 11.1(0.7) | 40.6 (0.5) | 56.3 (6.3)
% - - 51.6(18.9) | 182(84) | 678 (5.4) |275@3) | 3327) | 326(6.7)

DiL;| n 14 14 12 4 14 12 14 11
Range | 7.67.9 | 0.54-3.16 | 4994 | 830-871 | 113-355 | 5.2-13.9 | 26.4-553 | 22.7-61.6
Avg. | 7.8(0.1) | 1.69 (0.78) | 66 (23) | 841(42) | 175(56) | 7.8(L5) | 32.3(2.5) | 44.8(6.2)
% - - 61.2(13.8) | 12.6 (0.3) | 78.0 (2.8) | 48.5(9.2) | 46.6 (5.2) | 44.5(6.3)

Inf. = influent; n = number of samples; avg. = average.
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All parameters are measured in (mg/L) except for pH (dimensionless).

Table A.1. Research results for the concentration, number of samples (n), range and removal
efficiencies for different parameters in the influent and effluent of the ABPs.

pH | DO | TDS | TSS | TDS |COD| TP | NH, | TKN
influent | n 0 | 10 10 0 | 10 | 10 | 10 10 10
Range | - | 00- | 998 [ 8- | 88 [ 276 | 85 | 486~ | 80.-
75 | 001 | 1516 | 115 | se6 | 608 | 147 | 665 | 100.1
ave, | 73| 0 1143 | 95 | 849 | 331 | 128 | 627 | 888
o | ©0oy| e | 68 | 88 | © | on | 71 | 18
AL n 0 | 10 10 0 | 10 | 10| 10 10 10
Range | 75 | 04 | 1010~ [ 7e- | 7S [ 159- [ 65- | 382- | 621
79 | 264 | 1300 | 208 | 888 | 43¢ | 119 | 589 | 885
ave, | 7S | 13 | 10SL [ 148 [ SoU [ 198 | 113 | so8 | 747
on | o] 659 |65 | eh | @ | 0| g4 | 33
504 | 57 | 397 | 115 19 13.7
% S PO g | an [y G | a8 | @8
AL, n 0 | 10 10 0 | 10 | 10 | 10 10 8
Range | 77 | 165 | 979- | 80- | 7 | 145- | 60- | 299- | 432-
83 | 411 | 1258 | 174 | 846 | 414 | 109 | 479 | 675
ave, | 80 | 27 | 1030 [162 [ 769 | 186 | 92 386 | 558
on |0y 6 | en | ® | @ | on | 63 | Ge
688 | 94 | 43.6 | 283 | 382 | 357
o o B ED T oy a3) | 33) | () 3) (1.4)
ALy 2 0 | 10 10 0 | 10 | 10 | 10 10 10
Range | 77~ | 24 | 1040~ [ 108 | 495 [ 123- | 65- | 230- | 403
835 | 497 | 1168 | 244 | 935 | 328 | 102 | 457 | 777
ave, | 82| 37 | 1085 [ 134 [ 774 [ 159 | 80 307 | 472
on|an | wy | an | 6 | 38 | an | 68 | ey
415 516 | 376 | sSl2 | 454
% | 20D go) [0D 3| 6 | 19 | G
AL 2 0 | 10 10 0 | 10 | 10| 10 10 10
Range | 70 | 033- | 1018 [ 114 | 785 [ 180- | o8- | 427- | 579-
80 | 174 | 1444 | 242 | 820 | 534 | 1275 | 657 | 935
78 | 15 | 1057 | 128 | 797 | 230 | 106 735
A o gy | @) | an | ao | ¢4 | s | 1G53
351 | 62 | 306 | 169 106 | 153
o S Y8 gy | 0 [ | a5 | 06 | 13
Aol 2 0 | 10 10 0 | 10 | 10| 10 10 8
Range | 75 | 120 | 1020~ |18 | 750 | e- | 66- | 370- | 471
83 | 476 | 1336 | 180 | 827 | 412 | 121 52.9 56
ave, | S0 | 29 | 1064 [ 143 [ 778 [ 208 | 02 397 | 571
on | a0 | 6o | eo | 6 | ©) | 0| 69 | 67
13 | 542 | 83 | 38 | 283 | 368 34
o - - (5.3) (272) | (1.1) | (8.3) | (6.2) (2.5 (6.3)
ALy 2 0 | 10 10 0 | 10 | 10| 10 10 10
Range | 77 | 14| 972 | 66 | S80- | D34 | SI- | 258 | 295
8.1 | 496 | 1168 | 112 | 836 | 462 | 93 483 | 672
ave, | SO | 38 [ 1020 [ 78 | 781 [ 163 | o8 272 | 4338
on | oo | 6o ||l ay | 3| ay | 6y | @4
72 | 81 | 534 | 464 | 569 | 493
o - - 34(5:6) (179 | (1.1) | (4.3) | (10.5) (2.9 4.3)
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AL, n 10 10 10 10 10 10 10 10 10
Range | 177 | 103 [ 59 54- | 756- | 166- | 6.9- 345- | 504-
79 | 243 | 1426 232 | 839 | 456 | 13.0 53.9 74.5
ave, | 5| 17 930 131 | 784 | 215 10 42.0 59.2
0D | ©5 | 1% | @) | @) | ¢3) | 0.9 (7.3) (7.6)
o ~ i 8 343 | 77 [ 352 ] 217 33 31.8
) @ | 1.6 | @1) | 34 (4.4) (5.3)
AsL; n 10 10 10 10 10 10 10 10 10
Range | 15 | 145 [ 980- 118- | 722- | 161- | 54- 232- | 305-
82 | 391 | 1224 248 | 854 | 431 | 126 44.7 54.5
Avg, | 80| 3 1034 136 | 765 | 200 | 78 314 45.7
“lon e | arn | @8 | an | @ | 0.6 (5.4) (5.5)
o ~ ~ 645 | 437 | 99 [392] 39 49.9 47.4
1300 | 154 | @) | 2.0)| (1.8 (3.6) (3.5)
AsL, n 10 10 10 10 10 10 10 10 10
Range | 75 | 252 | 1080- [ 84 [ 714 123 13- 120- | 214-
84 | 498 | 1266 236 | 854 | 329 | 87 43.9 53.8
Avg, | 83 | 40 1176 153 | 760 | 152 | 54 222 337
" 00 | 03) | 53) 6 | 12 | 32 | 0.7 3.5) (6.5)
o ~ ~ 25 | -642 | 104 | 559 | 576 64.5 61.1
89 | @48) | (1.5 | 3.7) | 5.6 2.8) (4.5)

Inf. = influent; n = number of samples; avg. = average.
All parameters are measured in (mg/L) except for pH (dimensionless).
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Appendix C. Photos of the experimental setup

Photo A.1. Side view for the experimental pilot
plant; the three lines of stabilization ponds and
tanks in AWWTP.

Photo A.3. Connecting container which collect
the UASB-septic tank effluent. The photo shows
also the hose which convey the effluent to the
ho&ling tank (see photo A.4).

by the pumps to the stabilization ponds. The
MASTER FLEX hoses are also shown. The
photo shows also the pump feeding the deepest
stabilization ponds.
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Photo A.2. Front view for the experimental pilot
plant; the three lines of stabilization ponds and
the UASB-septic tanks in AWWTP.
o o e
< 7

-

Photo A.4. Holding tank, (collection reservoir
for the UASBs’ effluent). The photo shows also
the overflow line from which excess pretreated
sewage is conveyed back to the grit caber.

| g

Photo A.6. The baffle which was installed for
preventing short circuiting of wastewater and to
prevent floating materials from transporting to
successive stabilization ponds. The 4” PVC pipe
connecting stabilization ponds is also shown




Photo A.7. Galvanized steel holder for the
sedimentation cup, two rods were used for the
purpose of holding; the first rod (vertical) was
used to hold the cup and keep it from turn over
and the second one (horizontal) was used

connect the vertical holder on the pond body.

r""- -

. it g
L ROy f\'l o

Photo A.9. One of duckweed culture, it is a big
bucket of dimensions (dia. = 34 cm, L = 40cm).
As mentioned elsewhere, this culture was used
as a backup source of duckweed and for testing
the duckweed survival in diluted effluent of the
UASB-septic tank.

i e

ponds. It is shown in this photo that this
duckweed contains considerable amount of
duckweed grains with brownish color that
indicates that the duckweed faces stress resulted

mainly  from  wastewater  characteristics

(strength).
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Photo A.8. The holder mentioned in A.7, this
photo shows particularly the ponds after
scavenging the mortared duckweed mat; the
whole mat quantity was absolutely removed to
prevent decayed duckweed from affecting the
readings of different parameters.

-l

hoto A.10. Healthy duckweed mat in the
stabilization ponds at the moment of seeding. It
is clear from the figure that this cover was
sufficiently dense to prevent algal growth which
contributes to duckweed death.

it is
clear that the duckweed mat has a brownish
color which indicates that the duckweed is no
longer active. For this case the whole duckweed
mat was absolutely removed and another new
duckweed mat was brought from the original
cultures (of BZU) in the same day.

Photo A.12. Mortared duckweed cover;
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