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Abstract

Treated wastewater effluent quality in Palestisevery stringent imposing
extremely low Biochemical Oxygen demand (BOD), dgen (N) and Fecal
coliform effluent quality, that vary with the findisposal, (10,10,10) of BOD, TN
and TSS values for discharge in wadi. This is thason that makes treated

effluent in need for further polishing to meet th@tringent requirements.

Constructed wetland relies on the removal or degjrad of contaminants as
water moves through the media, using physical, atedrand biological processes
for water treatment. However, the performancesheé¢ systems depend on the
site characteristics, sources water quality and ghexzess conditions applied.
Therefore, this study focused on analyzing them@ikof constructed wetland for
removal of organic matter, nutrients and pathogikom three different pre-

treated source waters.

Horizontal subsurface flow constructed wetlands $HSWs) are being used
worldwide to treat wastewater from a variety of m@s. An extensive literature
review was conducted to update the current statiehtific knowledge on the
performance of constructed wetlands for domestistewaater treatment. This
review documented good treatment efficiency for flielowing commonly

measured parameters (BODOD and nitrogen).

Three horizontal subsurface flow constructed weltawere operated in parallel
outdoor for almost seven months and fed with défifer water influents.

Wastewater were collected from Al-Mazr'a anaerdbjgare treated grey water,



Al-Bireh tertiary treated effluent and Birzeit sedary treated effluent. For the
constructed wetland, gravel of 40% porosity wasduae filter media. After 98
days of starting operation the system, effluentsevanalyzed for DOC, BOD,
COD, NH4, NO3, TKN, TDS, TSS, pH, EC and fecal fwin until the end of the

experiment.

Average DOC removal of 31.8%, 34.4% and 30.8%, G@moval of 36, 27 and
35, BOD removal of 43.4, 18.7 and 47.2, Ammonia aeah of 94, 87 and 96,
Nitrate removal of 84, 92 and 90, TKN removal of, 8% and 50, phosphate
removal of 51, 49 and 44, sulphate removal of 15525 and 18.8, TSS removal
of 16.4, 21.9 and 23.3 were achieved by the coct&tduwetlands with Al-Mazr'a
greywater, Al-Bireh tertiary treated wastewater dBitzeit secondary treated

wastewater, respectively.

The constructed wetland was efficient in terms &f,Ml, NOs-N and BOD and

achieved the Palestinian standards for using ueatfuent for reuse and
discharge to wadis. But, in terms of PB, TSS and fecal coliform the
constructed wetland didn't achieve those stand#dds, the results revealed that
constructed wetlands can be used as a post tretaforethe secondary treated
wastewater and for anaerobically treated grey watergeneral, constructed
wetlands technology has the capacity for removirgaeic matter and nutrients
and to less instant pathogenic micro-organismsTél from the different source

water.
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Scope of Study

The scope of this study includes: set-up subsurfame constructed wetland
(SSFCW) for treating three wastewater types. Theements were carried out in
Birzeit University/ Palestine. Wastewater samplesestaken from the inlet and
outlet of the three wetland systems. The plantgl uisethis study are commom
reed (Phragmites Austrails). The performance ofstraoted wetland was
evaluated using water quality parameters: pH, EtadtConductivity (EC), Total

Suspended Solid (TSS), Total Dissolved Solids (T2®monia Nitrogen (ngl
N), Nitrate Nitrogen (NC3}N) and Phosphate (a@), Chemical Oxygen Demand

(COD), Biochemical Oxygen Demand (BOD), Dissolvedy@hic Carbon (DOC)

and fecal coliform.
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Chapter One

I ntroduction

1.1Background

Water availability is not only a problem in termfsguantity, but also in terms of
quality. At present still about 1 billion people ihe world lack access to
improved water supply and some 2.6 billion peopekl| access to proper
sanitation. In combination with agricultural andlustrial waste generation, this
lack of wastewater collection and treatment fdesitresults in serious quality
deterioration of both surface and groundwater reess) hampering their
exploitation. It has been estimated that, by 20E)0 million people will be
living in countries or regions with absolute wasearcity, and two thirds of the
world population could be under water stress caomabt (WHO, 2007). It is
therefore of most important to search for altenreativater resources and water

treatment technologies.

It is important for the developing countries to @sproper wastewater treatment
system which meets the local requirements in tesfnwater quality, costs and
operational skills required, maximize the potenfiallocal reuse (non-potable or
potable) and have least impact on the environmatural treatment systems fit
these requirements, i.e. constructed treatmentanedl (Hoffmann and Platzer,

2010).



Constructed wetlands are manmade engineered, Hilkkesérea designed to treat
wastewater depending on physical, chemical andbichl processes of natural
ecosystems. They can remove multiple aquatic poitst by making use of
natural, biological processes driven by solar energequiring minimal

maintenance and external energy inputs.

These systems can be either free water surfacgbsugace wetlands. Free water
systems include a shallow basin where water is segh¢o atmosphere and flows
horizontally. Subsurface systems consist of a bagim porous media with water
level below the surface of the media and the wib&rs horizontally (Converse,

1999).

Constructed wetlands are wetlands intentionallyater@ from non-wetland sites
for wastewater or storm water treatment. Thesédaneg used worldwide to treat
wastewater, including that from mines, animal aisth farms, highway runoff,

industry of all types, and municipal and domestiwage (Hoddinott, 2006).

Natural wastewater treatment systems like soil faqISAT) and constructed
wetlands (CW) are robust barriers, can remove plalttontaminants, minimize
the use of chemicals, use relatively less energytave a small carbon footprint.
Natural treatment systems rely on natural processesprising different physical,
chemical and biological removal mechanisms and ooations thereof for

improvement in water quality. These systems hawenapplied for wastewater

treatment and reuse in different parts of the wofltlese systems are very



appropriate for developing countries and countieansition and at the same

time equally applicable in developed countries (Kih&007).

The suitability and performance of such naturabtiment systems however
depend on source water quality, process conditapdied, hydro geological
conditions and water quality goals to be achievetrdatment. It is expected that
with further improvement of these systems, a coimgmeive system for
wastewater treatment and reuse can be developechwdsn be applied for
treatment of different types of wastewater, ateatéht-scales and in different

regions of the world.

Constructed wetlands are man-made analogs of hatettands that optimally
exploit the biogeochemical cycles that normally wcm these systems for the
purpose of wastewater treatment. Systems can fecsuitow or subsurface flow
(the latter one to avoid odor problems and mosqprliferation). CWs are
attractive for wastewater treatment at a houseboldommunity level and at a
larger scale also for the recovery of nutrientsntmimize the eutrophication

potential of the receiving water bodies (Davis, 998

A variety of applications for constructed wetlarethnology for water quality
improvement has started to be implemented in deusdocountries like India,
Nepal, Iran, Thailand and Egypt. All constructedtleueds are attached growth
biological reactors. Flow regime may be free wataface and sub-surface flow.
The removal mechanisms associated with wetlandéudac sedimentation,

coagulation, adsorption, filtration, biological age and microbial transformation.



Constructed wetlands are not recommended for tesatiof raw wastewater so

that it must be preceded by a pre-treatment stefi{&teebet al., 2008)

The current research was conducted within the freonles of the NATSYS
project at the IEWS Institute in Birzeit UniversityPalestine. The NATSYS
project investigates sustainable urban water managg including a focus on the
role of natural treatment options.

NATSYS project aims to investigate the potentiat IOW treatment as a
pretreatment for Soil Aquifer Treatment (SAT). Tihajor constraints of SAT are
also space use and nutrient removal, so the pr@eus to optimize space
efficiency and nutrient removal in CWs before watgrdischarged to SAT
treatment. In this project, artificial aerationase novel method that has been
used to increase nitrification rates in CWs. Theeagch also aimed to track
several pollutant removal performances to invetigahether different water
sources may have an impact on the removal effigiamthe wetland.

1.2Problem statement

Constructed wetlands need to be further adaptddciease their performance
under local circumstances (such as climate, wasesvepality and quantity) in
terms of pre-treatment to obtain the desired remefficiencies. Furthermore,
there is potential for their optimization in terwfsremoval efficiency and costs by
implementing proper pre-treatment. Under the climabnditions in Palestine,
this MSc research project aims to investigate teatinent capability of main
vegetation- based natural systems for wastewagatnrent for the removal of

different contaminants (organics, pathogens andemis) under different water



quality (Al Bireh tertiary treated wastewater, Al- Mazra'a grey water and
Birzeit secondary treated wastewatex. In this context, analysis of the
performance of these treatment systems for the vahad multiple contaminants
is very relevant to obtain more insight into theapabilities so that these can be

successfully implemented in developing countries.

A clear understanding of the performance of cowsdd wetlands for removal of
different contaminants from various types of wasttass (effluents) still need to

be elucidated.

Many researches with regard to constructed wetlamdgeneral and horizontal
subsurface flow constructed wetland in particularevconducted. Also, many of
these researches were summarized by other autbohsvwymazal (2005) who
studied those experiments and summarized them. Mamstructed wetland were
examined in different operating conditions i.eytlieere operated with different
plant types, different influents with and withowration and with different types
of media such as gravel and volcanic tofa. Thissaesh is conducted on
horizontal subsurface flow constructed wetlandsciWwhivere fed with different
source water with the same plant type (reed). Tineetwetlands were operated
under the same conditions, same loading rate ameé $gdraulic retention time.

In other words, the variables were the influenetgmd aeration.



1.3Research Objectives

The main objective of this research is to inveségde effect of source water
quality on the performance of constructed wetlaf@g/) with respect to the
removal of organic matter, solids, pathogens angliemis. Different types of
wastewater effluents were examined during the stimdjuding (I) secondary
effluent from a contact process activated sludgwirsg of Birzeit University

treatment plant; (ll) tertiary treated effluent Af-Bireh municipal wastewater

treatment plant) and (lll) anaerobically pre-trebdeey water.

The specific objective is:

To investigate the potential of constructed wetléodfurther treating/ polishing
various types of wastewater under the arid to sand climatic conditions of

Palestine;

1.4Research Question and Hypotheses

The research questions were:

What is the impact of water source on the reme¥ttiency of the subsurface

flow constructed wetlands?
Does the construed wetland effluent met the Palastistandards for recharge?

The research hypothesis is:

The constructed wetland will be able to treat edfitly the secondary treated
wastewater, tertiary treated and anaerobicallyr@agtd grey water to fit ground

water recharge requirements.



1.5Thesis structure

This thesis is divided into 5 chapters as follows:

* Chapter one is an introduction provides a genexekground about the Thesis

subject, statement of the problem and objectives.

» Chapter two provides comprehensive literature re\ia the state of the art of

Cw

» Chapter three describes the materials and metrsmis u

» Chapter four includes a discussion for the mainltes

» Chapter five contains conclusions and recommenastio

1.6 Research methodology

The research was conducted outdoor in Birzeit Usittg and involved three
HSSFCWSs consisting of beds filled with gravel, péoh with Phragmites
Australisreed and fed with three source waters from Borizoiversity treatment

plant, Al-Bireh municipal treatment plant and Al-ka'a onsite treatment plant.

During the experiment period, the system was opdrahd maintained including
feeding the wetlands and maintaining the systerma.imfluent and effluent of the
constructed wetland were analyzed for several petens, namely biochemical
oxygen demand (BOD), chemical oxygen demand (CQiysolved organic
carbon (DOC), Nitrogenous compounds (NHNKj, NOs), phosphate, Fecal

Coliform, electrical conductivity, pH, total susmud solids (TSS), Total



dissolved solids (TDS) and dissolved oxygen. Dutimg start up phase, COD,
NH4 and PQ concentrations were measured twice weekly foritifieent and

effluent. Once steady state was reached, the miflard effluent were analyzed
for the whole set of parameters once weekly foe fimonths. Also, during all
phases, the flow rate was measured daily in dalensure a hydraulic retention

time of 1.3 day.



Chapter Two
Literature Review
2.1 Background

Excessive nitrogen and phosphorous loading to aktwatercourses due to
urbanization and intensive farming highlight thedé¢o protect these ecosystems
from eutrophication by reducing nutrient inputs.nSwwucted Wetland research
has been ongoing firstly in Europe with urban wasteeams. Research
investigations spread to other countries and siiee mid 80’s, constructed

wetlands have been examined in greater detail éettal., 2004).

Constructed wetlands are used for purification oflustrial wastewater,

agricultural wastewater and storm waters. Alsoy thiee applied to strip nutrients
of eutrophied surface waters before these are aiged into nature reserves
(Rousseaut al., 2004). Constructed wetlands have been used tbdoeé mine

drainage, storm water runoff, municipal wastewatedustrial wastewater and
agricultural effluent form livestock operations. riétructed wetlands can remove
significant amounts of suspended solids, organittenanitrogen, phosphorus,
trace elements, heavy metals and microorganismsioea in wastewater (Sa'at,

2006).

The first full-scale constructed wetland for wasaésv treatment was built in the
Czech Republic in 1989. By the end of 1999, abdii tonstructed wetlands
were put in operation. Most of these systems aradmtal subsurface flow and

are designed for the secondary treatment of domestmunicipal wastewater.



The size of constructed wetlands ranges between 4580) m2 and between (4 —
1100) population equivalent®hragmites australis is the most commonly used
plant. The treatment efficiency is high in termsBf®Ds and suspended solids.
However, the removal of nutrients is lower for vieged beds. The early systems,
built in 1970s and early 1980s used mostly soilemals which failed to maintain
high hydraulic conductivity. This resulted in sw#aflow and lower treatment
efficiency. In the late 1980s, the coarse matenidtls high hydraulic conductivity
were introduced and were found to meet the othguirements. The experience
from operational systems has shown that the 8/16 gnavel size fraction
provides sufficient hydraulic conductivity while guorting a healthy macrophyte

growth and good treatment efficiency (Vymazal, 2002

In 1953, the first experiments using wetland mabybgs for wastewater
treatment were carried out by K'athe Seidel inn@aty. The horizontal sub
surface flow constructed wetlands were initiatedSieydel in the early 1960s and
improved by Reinhold Kickuth under the name Roon&dlethod in late 1960s
and early 1970s. In the late 1980s, the first loorial subsurface constructed
wetlands were built in many European countries.tfidy end of 1986, the major
change in the design was the use of very coarsatidn material to ensure sub-

surface flow (Vymazal, 2005).

The first full technology assessment was publigmethe USEPA in 1993. Hans
Brix authored a 1994 article that presented a largddwide database of results
that showed impressive wastewater treatment byusigo®e flow wetlands. In

2002, Jan Vymazal published a summary of ten yeaperience in the use of
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constructed wetlands for wastewater treatment énGlech Republic. Vymazal
stated that there are over 100 constructed wetlemtte Czech Republic. All of
these are horizontal subsurface flow constructetlands treating municipal or
domestic wastewater. Vymazal admitted that his dataomewhat limited by
Czech legislation which requires standards only $mspended solids and
biological oxygen demand parameters for sourcgmotyiition from less than 500

PE (Hoddinott, 2006).

Original hybrid constructed wetland systems wererettoed by Seidel in
Germany. The process is known as the Seidel sySieenSeidel design consisted
of two stages of several parallel vertical flow bedllowed by two or three
horizontal flow beds in series. The vertical bedsavplanted withP. australis
and the horizontal beds were planted with a numbfkrother emergent
macrophytes. By 1980s, several hybrid systems aleBg type were built in
France with a system at Saint Bohaire, which wasipwperation in 1982. It
consisted of four and two parallel vertical flondlsan the first and second stages,
respectively. A similar system was built in 1987UK. The first stage consisted
of six vertical beds (8m? each) intermittently fadd planted withP. australis.
The second stage consisted of three vertical b®aé each) planted withP.
australis, Schoenoplectus lacustris (bulrush) and Iris pseudacorus. Hybrid
systems have the advantage of producing effluemtito BOD which is fully
nitrified and partly denitrified and so that hasmaich lower total-N outflow

concentrations (Vymazal, 2005).
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The first subsurface flow constructed wetland foeatment of domestic
wastewater was built in Norway in 1991. The Noreegiconcept for small
constructed wetlands is based on the use of acsiyptk followed by an aerobic
vertical down-flow biofilter succeeded by a subaod horizontal-flow
constructed wetland. This aerobic biofilter is esis¢ to remove BOD and
achieve nitrification in a climate where the plaate dormant during the cold
season. Nitrogen removal in the range of 40 to G8%chieved. Removal of
indicator bacteria is high and < 1000 thermo-taieraoliforms/100 ml is

normally achieved (Niyonzima, 2007)

Constructed wetlands are planted with emergenttaéiga such as bulrushes,
cattails and reeds. A fundamental characteristiwetfands is that their functions
are largely regulated by microorganisms and thestatmolism. Microorganisms
include bacteria, yeasts, fungi, protozoa, andeal§icrobial activity transforms
a great number of organic and inorganic substangesinsoluble substances,
alters the redox conditions of the substrate afects the processing capacity of

the wetland (Davis, 1989).

The capital costs of subsurface flow constructetdamds depend on the costs of
the bed media in addition to the cost of land. Rai@ decisions on treatment
processes should be made on net present value ale-wfilife costs, which
includes the annual costs for operation and maames (Hoffmann and Winker,

2011).
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2.1.1 Advantages and disadvantages of Constructedafland System

Constructed wetlands are designed to take advanddgmany of the same
processes that occur in natural wetlands withinagentontrolled environment.

Advantages of constructed wetlands include:

* Site location flexibility,

* No alteration of natural wetlands,

* Process stability under varying environmentalditons,

* Constructed wetlands do not produce sludge as cihrestructed wetland's
influent is already pre- treated and contains lamoentrations of pollutants.
Subsurface flow constructed wetlands have manyrddgas over ponds. Where
in ponds sludge accumulates over time, and thegslinhs to be removed after

approximately 10 years (Hoffmann and Winker, 2011).

* Horizontal subsurface flow constructed wetlantfsSEFCW) for wastewater
treatment can be easily adapted to cold climatethkse systems, risks of
hydraulic failure due to freezing are reduced beeawater flows under the bed
surface. Natural or artificial insulation layer calso protect them from freezing

(Plamondoret al., 2006)

* Other benefits of treatment using constructedlarels are decreased potential
for spills by eliminating the need for offsite tegortation, sharp reduction in use
of transportation fuel and decreased energy consompy using natural

processegBasham, 2003).
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The need for use of constructed wetlands in grefemiaeatment may provide a
simple and inexpensive solution for controlling mamater pollution problems
facing small communities, industries, and agriqaltuoperations (Niyonzima,
2007).Grey water after treatment in a constructed wettends to have no colour

(Hoffmann and Winker, 2011).

The potential problems with Free Water Surface tanted wetlands include

mosquito, start-up problems in establishing theérddsaquatic plant species with
free water surface and subsurface Flow wetlandyofidima, 2007). Other

problem in constructed wetland is the high surfaea demand (in the order of 2-
10 m2 per person for domestic wastewater, deperatirtpe type of CW used, the
climatic conditions, pre-treatment, etc.). Thistrets the use of constructed
wetland technology in urban and rural areas whane is scarce and expensive

(Stefanakis and Tsihrintzis, 2009).

2.1.2 Types and functions of Constructed Wetlands

Constructed wetlands can be classified accordingheo flow direction into

vertical and horizontal flow. Also, other two typesconstructed wetlands have
been carried out. They are the free water surfgstems and the subsurface flow
systems which also called root zone, rock-reedrlbr Vegetated submerged bed

systems as presented in Fig. 2.1 (Niyonzima, 2007).
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Quiflow

Figure 2.1 Constructed wetland with horizontal sub-surfaocevfl1, distribution
zone filled with large stones; 2, impermeable ljir&ffiltration medium (gravel,
crushed rock); 4, vegetation; 5, water level inltkd; 6, collection zone filled
with large stones; 7, collection drainage pipey@let structure for maintaining of
water level in the bed. The arrows indicate onfieaeral flow pattern (Borst,

2011)

Combination of aerobic and anaerobic processes wgagrade constructed
wetlands to treat industrial wastewater containilegs-degradable organic

pollutants (Yamagiwa et al., 2008).

Anaerobic and aerobic activities in a vertical domged wetland were
investigated with and without supplementary aeratihich boosted the carbon
removal and nitrification. Constructed wetlands rbayclassified according to the
life form of the dominating macrophyte into systemith free-floating, rooted

emergent and submerged macrophytes (Vymazal, 2005).
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Figure 2.2 Type of constructed wetland (a) free water s@fd) Subsurface

flow (Sa'at, 2006).

2.2 History and presentation of constructed wetlansl

Pollutant removal in constructed wetlands is a fiomc of several physical,
chemical and biological processes. The biologicarobial processing drives the
removal of organic matter and nitrogen. The miabkhiansformations involved
generation of greenhouse gases: carbon dioxidegusitoxide, and methane.
Green house gases production in constructed wefigsteéms deserve increasing
attention as the area covered by them increaseassti@oted wetlands lose their
treatment capacity when they are overloaded foreatended time period
(Hoffmann and Winker, 2011). Results obtained byesal authors regarding

constructed wetlands are presented in Table 2.1.
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Table 2.1 Comparison between different constructed wdtketups

Comparison between different constructed wetlands

Constructed HSSFCW HSSFCW HSSFCW HSSFCW Up-flow constructed HSSFCW HSSFCW
wetland type wetland
Dimensions | 3.5,0.8,0.8| 1.3,0.5and 1.3,0.5and | 0.45, 0.54, 0.15m 70x18 cm (10,20, 0.8) for length: 70cm ,
deep 0.4m 0.4m HSSFCW 40 cm depth
Aeration aerated
Media coarse sand Gravel zeolite sandy loamy soil gravel Gravel volcanic tofa
with compost
Wastewater | grey water | Agricultural Agricultural municipal industrial waste Domestic Domestic
type wastewater | wastewater wastewater water wastewater wastewater
Flow rate 0.48 0.078m3/d 0.078m3/d 1.04 ml/min 17nt/ 26 l/day
m3/days
Hydraulic 15 days 1.2d 1.2d 5days 3 3days 5 days
retention time HRT
DOC 2%
BOD 72-79% 85.40%
COoD 72-79% 94% 42.70% 71.80%
SS 72-79% 92.90%
Fecal 72-79%
Grease 72-79%
Nitrogen 34-53% 69% TN: 7.1%
NH4-N 95% 98% 63.80%
NO3 82% 86% 45%
TKN 62%
phosphate 34-53% 89% 93% 72%, (TP: 52%) TP :43% 38%
E.coli 0.35
(logFU/100ml)
Reference Niyonzima Sarafraz Sarafraz Chung et Ongetal., 2010 Ghrabi et al., 2011 Avsar et
(2007) (2009) (2009) al.(2008) al.,2007

Oxygen and Carbon availability controls the ratengfthanogenesis. The Factors

regulating the oxygen delivery to the wetland mxaare critical in controlling

green house gases emissions in constructed wetlahlds, nitrous oxide

production is a function of O2 and C, as it is apbgduct of nitrification and

denitrification, a chemo-autotrophic aerobic and amaerobic heterotrophic

microbial process, respectively. Plant presence madyce or increase CH4 fluxes

(Landryet al., 2009).
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Landry et al. (2009) identified the effects of three speciesnodicrophytes
(Phragmites australis, Typha angustifolia, Phalargndinacea) and artificial
aeration on the variation of greenhouse gases ptiodu(Nitrous oxide) over
three different seasons using experimental cortstiwetland. They found that
total nitrogen removal was higher in summer angblanted and aerated units,
with the highest mean removal in units planted Wigippha angustifolia. Export of
ammonium was higher in winter and in unplanted aod-aerated units. Planted
and aerated units had the highest export of oxidizgogen. Also, results showed
that denitrification was the main nitrogen sinkniost treatments accounting for
47-62% of TN removal, while sediment storage wawidant in unplanted non-
aerated units and units planted with P. arundinaP&mt uptake accounted for
less than 20% of the removal. They concluded thegrthouse gases fluxes were
higher in unplanted and non-aerated treatments damthg the summer. In
addition, the addition of artificial aeration reddc CH4 fluxes and CO2-

equivalents.

Niyonzima (2007) designed and operated a Horizo8tdd-surface Flow pilot-
scale constructed wetland on the Kwame Nkrumah éfsity of Science and
Technology (KNUST) Kumasi, Ghana. The study wasriedr out in a
sedimentation tank of 3.65 x 0.65 x 0.4 m deep andorizontal Sub-surface
constructed wetland of 3.5m x 0.8m x 0.8m deep. giey water flow rate of
(0.48) ni/d was flowed through vegetated wetland and saritby plant. The
filter media consisted of 0.6 to 2 mm of coarseds&@68.78 crifd of hydraulic

conductivity and cattailsTipha latifolia spp) were used as plants species. The
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effluent flow rate of the plant was 0.327/rday and the retention time was 15hrs.
72% to 79% of BOD, COD, SS, Grease, and Faecalfa@oli removal were
achieved, while the nutrients (Nitrogen and Phosgh@moval was the range of

34% to 53%.

Sarafraz (2009) examined the performance of fouizbotal subsurface flow
wetlands which were constructed at the ResearcioStaf Tehran University,
Iran. Gravel andeoilte were used in this study as substrate. The resudtsdted
that the system had acceptable pollutant removalericy. The examined system
achieved the N@N removal of (79%) in Planted wetland with zeoktgbstrate
(ZP), (86%) in zeolite constructed wetlands (ZRY@ in planted wetland with
gravel bed (GP) and finally (87.94%) in gravel k@& wetlands. Results for P
removal were 93, 89, 81 and 76% were respectivettyeaed for ZP, GP, Z and
G. Moreover, results showed that constructed weddlare efficient in removing
Zn, Pb and Cd from agricultural wastewater. Plagfes such as Phragmites
Australis andJuncus Inflexus can contribute in treating wastewater, widkolite
and gravel materials provide a suitable plant gnowmedium to replace

conventional sand and gravel substrates.

Onget al. (2010) found that the organic matter and,NMHremoval efficiencies in
the aerated wetland reactors were better than aheaarated wetland reactors.
The supplementary aeration has enhanced the adrmlnlegradation of organic

matter and nitrification.
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Vymazal (2009) evaluated the treatment performapic€onstructed wetland
Ondr’ejov in Czech Republic and constructed wetlan®palene Porici near
Pilsen in western Bohemia, these systems were tgueoaer a period of 15-year
The first wetland consisted of a horizontal gritwtber, Imhoff tank and a single
806 m? bed filled with gravel (3—15 mm) and planteith common reed. It is
designed for 362 PE, and the average measuredoiew the monitored period
was 56.3m?/d. The second wetland consisted of Xdyjee grit chamber, Imhoff
tank and four beds (2500m? total area, 625m? eftdg with gravel (2—4 mm)
and planted with P. australis and reed canary dRfsslaris arundinacea) planted
in bands perpendicular to water flow. Both condedavetlands were sampled for
BOD5, COD, TSS, TP, ammonia-N, and TN; CW Ondrejas also sampled
for nitrate-N and TKN Also, aboveground biomass was sampled duringdiad
standing crop. Results for Constructed wetland Gxov showed that removal of
phosphorus is steady but low with average rawpwmfnd outflow concentrations
of 11.6 mg/l, 10.1mg/l and 7.0 mg/l, respectiveplso, average BOPD raw,
inflow and outflow concentrations were as follovt®2 mg/l, 157 mg/l and 18
mg/l, respectively. For the other wetland, the atnaverage inflow BOP
concentrations were mostly < 30 mg/l. The averaflew BODs concentrations
were 24.5 mg/l and 122 mg/l in the first and secpedods, respectively. The

corresponding outflow concentrations were 4.2 ragd 10.3 mg/I.

Plant uptake could account for less thanl0% ofogén removal and
denitrification seemed to be the dominant processoring nitrogen within a

wetland. Linet a., (2001) compared waste material from coal refugeash soil
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and gravel as a growth substrate for a construetetthnd planted with vetiver
grass and receiving landfill leachate. Resultswatb that cinder substrate
treatment showed the best performance in removi@d ,CNO;-N and TSS.
While the coal refuse treatment showed best pedooa in removing NiH+-N
and TP. However, fly ash and soil showed a low aylic conductivity and poor
pollutant removal performance. Also, they concludieat, the factor controlling
denitrification is the C: N ratio. So that, to as¥® a much better removal
efficiency of nitrate, the ratio of C: N - 5:1 isnaust. NQ-N removal efficiency

increased with additional sawdust concentration.

Kimwagaet al. (2003) introduced an alternative approach of immg further
the waste stabilization ponds effluent by couplthgm to Dynamic Roughing
Filters and Horizontal Subsurface Flow Construdtéetlands. They found that a
coupled Dynamic Roughing filters and HSSFCW gave flcal coliform

concentrations of 790 FC/100ml suggesting thaueffts guidelines of less than

1><103 FC/100ml would be met for restricted irrigation ldut endangering the
health of both farmers and the end users of tigaied crops.

Mantovi et al. (2003) evaluated the performance of two horizostadsurface
flow reed beds treating dairy parlor effluent armmestic sewage. Removal of
suspended solids and organic load constantly resdanlevels above 90%, while
those of the nutrients N and P were about 50% &84, Bespectively. The total
number of coliform bacteria and Escherichia Colswaduced by more than 99%

and faecal streptococci by more than 98%. Nitratbirides, sulfates, anionic
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and non-ionic surface-active agents and heavy metate detected only in low

concentrations.

Luederitzet al. (2001) compared the purification performances afstructed
horizontal flow wetlands and vertical flow wetlandgluding a small horizontal
flow wetland, a sloped HFW, larger HFW, a stradfieertical flow wetland and
an unstratified VFW. Results showed that both tbezbntal flow and vertical
flow systems can remove more than 90% of orgarad land of total N and P, if
there is a pretreatment step, and if the spec#i@tinent area is great enough (50
m2/m3 per d). HFWs have an advantage in long-teemowal of P because it is

bound to organic substances to a high degree.

The effect of six experimental hydraulic retentibmes in subsurface flow
constructed wetlands was examined by Chazageakt (2003). They found that
the major factor affects HRT was evapo-transpiratidlso, they examined the
influence of flow paths on the efficiency of wastder treatment in constructed

wetlands.

Ghrabiet al. (2011) monitored the performance of wastewatexttnent plant in
Tunisia for three months. It is consisted of on&affitank, HSSFCW, subsurface
vertical flow CW and horizontal flow CW. The remdwefficiencies from the
SSFCW equal to 85.4% for Biological oxygen Dema#d.,7 % for chemical

oxygen demand, 7.1% for total nitrogen and 38.08£#-PO4.

One of the best methods for determining and amadyzonstructed wetland flow

paths is using the evaluation of hydraulic resi@etime (HRT) distribution by the
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impulsion tracer method. This method is usually xygd for determining non-
ideal flow in chemical reactors. The resulting H&$tribution gives information
about mixing and dispersion in a given filter. Twieal reactors are commonly
used: the plug flow reactor (PFR) and the contisufiow steady-state reactor

(CFSTR).

The saturated flow of a constructed wetland has-ideal flow behavior.
Chazarencet al. (2003) determined the practical HRT for SSFCW wiitie
classical method of a stimulus-response experiméhey aimed to compare
hydraulic behavior variations, due to season, wiflow characteristics. The use
of classical models gave a first approach of tispelision and mixing levels in the
reed bed. The presence of plants improved the tgwcreating connection
between the surface and rhizosphere. Influenceedfiptation or snow melt have
a direct influence on treatment performances andaegd flow paths.
Evapotranspiration is more beneficial and seemsnjorove all performances.
They concluded that, at the filter inlet, mixingnes and a wide centered effluent

injection is recommended to prevent dead volumas foccurring.

Stefanakiset al. (2011) examined the effect of wastewater step ifigedthe
gradational inflow of the wastewater into the wetlathe wastewater inflow at
more than one input points along the wetland lefgth the performance of pilot
scale horizontal subsurface flow constructed welaoperated for 3 years planted

with common reed. During the first two years of igti®n, one inflow point was
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used at the upstream end of the unit. During thed tigear of operation,
wastewater step-feeding was adopted. Wastewaterimmiuced to the unit
through three inlet points: one at the upstreamadrile unit length and the other
two at 1/3 and 2/3 of the unit length. Two wastewatep-feeding schemes were
examined during the second working period: 33%, 33%%6 and 60%, 25%,
15%. Three HRTs (6, 8 and 14 days) were appliecsuRe showed that the
removal of organic matter (BOD5 and COD), TKN, amnmiaoand phosphorus
(Total Phosphorus and ortho-phosphate) was impraveter the step-feeding
Scheme 60:25:15, while the other scheme affecteghtively the wetland

performance.

Step-feeding makes it possible to utilize more @ffely the whole wetland
surface area by distributing suspended solids agdnic loading in the influent
along a greater portion of the wetland. Also, itpgeavoiding rapid clogging of
the substrate; avoid influent overloading, expam&ibthe useful life time of the
substrate material and results in better aeratidhe Wastewater (Stefanakes

al., 2011).

Results showed that for conductivity and pH thexeno significant variations
during the stage operated with step-feeding. For 88asonal variations occurred
with higher values during the winter, when oxygefubility in water is higher,
and lower values during the summer. It seems hHwastep-feeding application did
not alter dramatically the behavior of the physiwmical parameters (Stefanakis

etal., 2011).
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Zurita et al. (2009) investigated four commercial-valuable oreatal species

(Zantedeschia aethiopica, Srelitzia reginae, Anturium andreanum and

Agapanthus africanus) in two types of subsurface wetlands (Horizontal a
Vertical wetlands) for domestic wastewater treatme3everal water quality
parameters were evaluated at the inlet and oublets pilot-scale system. The
results for pollutant removal were significanthgher in the vertical subsurface-
flow constructed wetlands for most pollutants. Hwerage removals were more
than 80% for BOD and COD; 50.6% for Org-N; 72.2% N4+, 50% for Total-

P and 96.9% for TC. Nitrate (NO3) and Total susgendolids (TSS) were
removed in higher percentages in the horizontalsstiace-flow constructed
wetlands (NO3, 47.7% and TSS, 82%). Also, the saldywed that it is possible
to produce commercial flowers in constructed wettamwithout reducing the

efficiency of the treatment system.

2.3Comparison of subsurface flow constructed wetlandsvith vertical flow
constructed wetlands

Larger surface area of horizontal flow constructegtlands made increase the

water loss due to evapo-transpiration. Verticawflbeds are preferable to

horizontal flow beds because they have an unsauigiper layer in the bed and

a shorter retention time than horizontal flow b@dsffmann and Winker, 2011).

2.3.1 Advantages of VFCW
» Vertical flow constructed wetlands systems can eahi higher oxygen
transfer rate as wastewater percolates througlétiand by gravity and this

enhances aeration and the microbial activity.
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» They are used to achieve more intensive oxidatfammonia.

* These systems were used for treating municipabdanaestic, industrial, dairy
and oil refinery wastewater.

* In the case of municipal wastewater mean remowasir 95% for BOD5 and
suspended solids, 90% for TKN and more than 50% gdhosphorous
(Stefanakis and Tsihrintzis, 2009).

2.3.2 Disadvantages of VFCW

* Inadequate removal of phosphorous may be achieved td inadequate
contact time between the wastewater and the swbs{@tefanakis and
Tsihrintzis, 2009).

The typical hydraulic loading rates for CW rangenfr 10-20 m/year for

secondary treatment and 50-100 m/year for tertigggtment. Different loading

rates are applied depending on the type of corsulugvetland. In general,
constructed wetlands have proven to be very efftdie removing organic matter

(>90%), solids (>90%) and pathogens (3-4 log unBsit nitrogen (40-60%) and

phosphate removal (20-40%) reach medium levelsfgBakis and Tsihrintzis,

2009).

According to Stefanakis and Tsihrintzis, (2009) teiiot scale vertical flow
constructed wetland units were constructed andabperfor one year. Each unit
has its settings (substrate thickness, porous medkatilation tubes and
vegetation). The unit with the thickest substratgeral and the existence of fine
material resulted in significant removal efficienégr all pollutants (organic

matter, nitrogen and phosphorous). Pollutant reineffizgiencies in all units were
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dependent on temperature and seasonal variatiso, ke presence of ventilation
affects the removal of these pollutants positivalile vegetation improved the

nutrient removal rates while cattails contributeaitrogen removal.

Preceding the horizontal subsurface flow constdicietlands with a vertical
flow filter increases organic matter and total egen removal. But, vertical bed

requires more careful construction and operatiflamondonet al., 2006)

2.4Comparison of subsurface flow constructed wetlandwith ponds

Ponds are difficult to integrate in urban areas thu¢heir open water surface,

mosquitoes and odour. On the other hand, pondsaaier to design and construct
and they do not need a substrate and have lowetacapsts for large-scale

plants. Constructed wetlands have significantlydowperation and maintenance
costs compared to high-rate aerobic processesningg use and operator time.
For large scale treatment plants of more than ID@#¥son equivalents in areas
where land is available cheaply, ponds have lovagital costs than constructed

wetlands (Hoffmann and Winker, 2011).

2.5Horizontal Subsurface Flow Constructed Wetlands

2.5.1 Design parameters
Constructed wetland design may be based on semwydels such as rules of
thumb and regression equations, the first-order K -mode] Monod-type
equations and complex dynamic, compartmental mdeieles of thumb are the
fastest but it's the roughest design methods. Bhheyased on observations from

a wide range of systems, climatic conditions andtessater types. Rules of
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thumb show a large variation and uncertainty. Regjom equations are a useful
tool in applying input—output 1/0O data. However, pontant factors such as
climate, bed material, bed design, etc. are negfiedeading to a wide variety of
regression equations and thus a large uncertaintthe design. Most of the
regression equations rely on wastewater conceoisitiWhere only a limited
number of regression equations rely on both inflitncentration and HLR as

inputs to predict the effluent concentration (Reasst al., 2004).

Constructed wetlands requires a low hydraulic Ingdiate and a long HRT to
achieve efficient pollutant removal taking in cateiation the fact of a lack of
criteria to define what is meant by high or low HLRhanget al. (2007)

examined the effect of increasing hydraulic loadiate on the removal rate of
several pollutants in a vertical flow constructeethand fed with agricultural and
domestic wastewater. They found a slightly incraasemoval rate for ammonia
as a result of increasing HLR from 200 to 1200 @ On the other hand, for
COD and TP the removal rates decreases with 162a@@6l respectively. For

BOD removal rates there were no change.

Major drawbacks of the first-order models are teqtations are based on the
assumptions of plugflow and steady-state conditiddswever, small scale

wastewater treatment plants under which most treatwetlands can be ranged
are subject to large influent variations whereass ldrger ones are subject to
hydrological influences thus causing in both cases steady-state conditions.
Short-circuiting and dead zones are common phenarimeconstructed treatment

wetlands causing non-ideal plug-flow conditions.eThate constants vary
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according to the influent concentrations, the HuRI éhe water depth. Another
impossibility of the first-order model is the fabfat the removal rates continue to

increase with increasing loading rates (Rousseal, 2004).

a) Pretreatment

Subsurface flow constructed wetlands are primatigigned for secondary or
tertiary treatment of wastewater proceeded by dicsépnk as a pre-treatment
step. This step removes most solids (measured t@a$ Sospended Solids) which

settle to the bottom and are degraded by anaebalgieria (Hoddinott, 2006)

The major removal mechanisms of suspended solidemstructed wetlands are
filtration and sedimentation. Pretreatment is e8gakebecause high concentrations
of suspended solids may speed up the clogging gsoicethe beds resulting in
lower treatment efficiency. The average removausdpended solids in the Czech
constructed wetlands amounts to 84.3% with theameseffluent concentration of

10.2 mg/l (Vymazal, 2002).

Suspended solids that are not removed in pretredtsystem are effectively
removed by filtration and settlement. The accunmabf trapped solids is a
major threat for good performance of horizontal flow syst as theolids may

clogg the bed. Therefore, the effective pretreatnenecessary for HF systems

(Vymazal, 2005).
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b) Surface area and bed configuration
A simple formula to determine the surface areadhefwetlands given by Vymazal
has resulted in a general rule of thumb for totahaof cells of 4.64 m2 (50 ft2) per

PE (Hoddinott, 2006).

Kickuth proposed the following equation which wad for sizing of horizontal

subsurface flow systems for domestic sewage tra@t(Mymazal, 2005):
Ah = Qd(InCin — In Cout)/KBOD
Where:
Ah is the surface area of the bedm
Qd the average flow (fday),
Cin the influent BOR (mg/l),
Cout the effluent BOR(mg/l)
anKBOD is the rate constant (m/day).

The field measurements showed that the valuKB®D is usually lower than
0.19 m/day. Rate constant is increased with hydréoading rate and BODmass
loading rate. The average€BOD value for 66 village systems after 2 years of

operation was 0.118 + 0.022 m/day (Vymazal, 2005).

Cross sectional area for the bed can be calculaded) Darcy's Law: (Converse,

1999)
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Ac = Q / (KsXS)
Where:
Ac = cross sectional area of bed (m2)
Q= design flow (m?/d)
Ks = hydraulic conductivity (259 m3/d/mz for gravel)
S = hydraulic gradient (0.01 — 0.02 for 1% and 28téidm slope)

CW design has been mainly based on rule of thungsoaghes using specific
surface area requirements or simple first orderagemodels. It have been
reported that first order models are inadequate ther design of treatment

wetlands (Langergraber, 2008)

c) Aspect Ratio
The aspect ratio is the length to width ratio ahdsicalculated from Darcy's
Law.This ratio has been considered to be of criticgpdntance in maintaining

adequate flow through the wetland (Hoddinott, 2006)
Ac = Qs/(Kf(dH/ds))

Where:

A¢ cross sectional area of the bed\m

Qs average flow (fis)

Ks: hydraulic conductivity of the media (m/s)
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dH/ds: slope (m/m)

Czech constructed wetlands are designed with agcasatio of less than two to
achieve a wider inflow rather than a long, narraed.bThis optimizes flow and
avoids clogging of the inlet. Clogging is minimizbeg using larger gravel at the
inlet. On the other hand, experiments in Spainciaidi that aspect ratio is not a
critical element in bed flow mechanics as previgukbught. This conclusion for
the warm weather of Spain may not necessarily afgpbolder climates; because
warm climate constructed wetlands sometimes havegla rate of water loss
through evapotranspiration which can change flowaratteristics (Hoddinott,

2006).

d) Depth and Bottom Slope

The (0.6-0.8) m depth of Czech beds was derivea fitte maximum depth of the
Macropites root of the frequently used common reathen coarse filtration
materials are used, the wetlands beds have a slojess than 2.5%. Recently,
slopes are less than 1% with the use of finer dravavater depth of (0.27) m
yields the best removal efficiencies in a bed ([@®) m deep. The improved
efficiency of shallower water depth was directljated to increased oxygen flux
from the plants resulting in much higher rates itrification/denitrification. The
downward pull of surface water by plant roots asdurdequate mixing of water
in deeper beds. Taking in consideration that alnadisbf the aerobic processes
occur within 35 mm of the plant roots. A minimalttoon slope is necessary if

substrate with suitable flow characteristics isdu@doddinott, 2006).
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e) Filtration Media

In constructed wetlands, soil materials that ftatdi the plant growth and
providing high filtration effect must be used. Bthiey were deficient in
maintaining high hydraulic conductivity. The use(d0) mm gravel has fulfilled
these requirements. Many studies showed that @ogrsvel at the inlet and

outlet helps prevent clogging (Hoddinott, 2006).

Suliman (2007) examined the effect of packing pagteusing the four filling
strategies. They found that dividing the constrdaietland into several sections
when filling the filter medium into the constructegtland basin will improve the
treatment efficiency. The filling strategies weasbd on dividing the constructed
wetland into several sections prior to filling thiéer medium into the constructed

wetland.

Filtration beds of subsurface horizontal-flow consted wetlands are generally
considered as anoxic or anaerobic. So that, itssurmed that the outflow
concentration of dissolved oxygen is usually veny (<2 mg/l). However, some
systems provided relatively high concentration & »5 mg I-1) (Vymazal and

Kropfelovéa, 2008).

f) Sealing the bed

Most countries including USA require sealing witlagic liners between 0.8 and
2.0 mm thickness. These liners must be protectedotim sides by geotextile or
sand to prevent root penetration and damage by stdges. Clay liners were

used in early Czech and North American construetetiands. The sealing of the
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bed allows constructed wetlands to be placed insavdgth relatively high water
tables where drain fields cannot function (Hoddin2®06). The fine-grained soils
always show better nitrogen removal through adsmrghan the coarse-grained
soil. This can be explained by the higher cationhexge capacity of the fine-

grained soils (Vymazal, 2005).

g) Vegetation

The plants of constructed wetlands are an esseu@ralof a constructed wetland.
They serve as a habitat for animals like birds faods, and act as a local “green
space” (Hoffmann and Winker, 2011). There are thggees of wetland plant
which is floating plant, emergent plant and subradrglant as shows in Figure 1.
Pretreatment may be necessary to ensure vegematigival where these plants
have an acceptable range of water quality. Thetplased in constructed wetlands
should be tolerant to high organic and nutrientdings and have rich
belowground organs (roots and rhizomes) in ordermiovide substrate for
attached bacteria and oxygenation of areas adjasenbts and rhizomes (Sa'at,

2006).
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Figure 2.3 Types of Wetland Plants (Sa'at, 2006).

The most frequently used plant in horizontal floubsurface flow around the
world is Phragmites australis (common reed). Other species frequently used are
Phalaris arundinacea (reed canarygrassizlyceria maxima (sweet managrass),

Typha spp.(cattails) an@cirpus spp. (bulrush) (Sa'at, 2006).

Nitrogen and phosphorous are key nutrients in ifieeclycles of weland plants.
Therefore, the proper nitrogen and phosphoros awdity are of principle
concern in the growth of wetland plants in congedcwetlands (Ong et al.,

2010).

The plants chosen for constructed wetlands are llysuzetal tolerant, fast
growing, and of high biomass, such as Phragmitesrais and Typha latifolia.
Many wetland plants could colonize both uncontangidaand heavily metal-

polluted areas. Some wetland plants have the yahilitake up> 0.% dry weight
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of a given element and bioconcentrate the elemreiis itissues to 1000-fold the
initial element supply concentration. For exampleck weed (Lemna minor) and
water hyacinths (Eichhornia crassipes) are excetieoumulators of Cd and Cu.
Other wetland plants can tolerate high concentatiof several metals in their

tissues, which do not show negative effects ontgemwth (Yang and Ye, 2009).

Plant growth can contribute to reduce nutrientse Téduction of ammonia and
phosphate from domestic wastewater by growing plaabout 10-20% (during

the vegetation period) (Hoffmann and Winker, 2011)

Reed beds have high efficiency in reducing thel trt@ount of sludge; the much
higher quality of the final product and the vermdosludge retention times (7 — 10
years), there has been built an increasing numbsgludge treatment plants. The

use of sludge drying reed beds has been a readssiéar years (Platzer, 2000).

Sirianuntapiboon and Jitvimolnimit ( 2007) found ath subsurface flow
constructed wetland system with both mono- and dixdtures ofT. latifolia
and C. siamensis could be applied to treat domestic wastewater Withh SS,
BODS5 nitrogen and phosphorus removal efficiencieabmut 90, 90, 85 - 88 and
85 - 90%, respectively under HRT of 6 days. The BFR@&ith mixed culture was
most suitable to apply for the treatment of wastewander high organic loading
of 15.71 g/m?-day according to the ammonium-add total phosphorus removal

efficiencies of 88.3 % and 90.0%, respectively
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Several processes are effective in pollutant reédnict phytoextraction,

phytostabilization, transpiration, and rhizofilicat. Vegetation provides several

storage and reduction mechanisms.

Phytoextraction refers to plant uptake of toxicamfetals are taken up by
plants, and may be stored in the roots and rhizofe plant need to be
harvested frequently and processed to reclaim #étalm

Phytostabilization refers to the use of plants gésical means of holding
soils and treated matrices in place. It relatesediment trapping and erosion
prevention in those systems.

Wetland plants possess the ability to transferisaggmt quantities of gases to
and from their root zone and the atmosphere. Stwmdsleaves of wetland
plants contain airways that transport oxygen tortiets and vent water vapor,
methane, and carbon dioxide to the atmosphere ddhenant gas outflow is
water vapor, creating a transpiration flux upwaidttough the plant.
Rhizofiltration refers to a set of processes thtaiuo in the root zone, resulting
in the transformation and immobilization of somentamninants. Plants help
create the vertical redox gradients that fosterraltigg organisms (Sa'at,

2006).

Different plant species could influence nitrogemoal through variation in rates

of oxidation of the wetland matrix, supply of labitarbon and transpiration. Also,

different plant species can respond differentlyséasonal changes and artificial

aeration (Landngt al., 2009).
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Macrophytes stabilize the surface of beds, progded conditions for physical
filtration, insulate against frost during winternda provide surface area for
attached microbial growth. The flow of water in izontal subsurface flow is
intended to be subsurface through channels crdstdle living and dead roots
and rhizomes as well as through soil pores. Aldewroots and rhizomes die and

decay, they may leave behined tubular pores andapares (Vymazal, 2005).

The oxygen flux from the plant is important forrogen removal. Oxygen flux
fell off rapidly after 35 mm from the root, so ptarwith rhizosomes wider apart
than that will not be as efficient in nitrogen rerab Allen showed that all plants
enhanced treatment capacity of SSFCWs comparedhptanted (Allenet al.,

2002).

The plants have an important role in the treatnmotess. They provide an
appropriate environment for microbial growth angiove the transfer of oxygen
into the root zone which is part of the filter béwl.moderate climate zones dead
plant material provides an insulation layer, whitdis a positive effect for the
operation of subsurface flow constructed wetlangdswinter (Hoffmann and

Winker, 2011)

Reed grows commonly in the West Bank and it isigaerly abundant in and
around streams that carry waste water. The tredtwettands already constructed

in the West Bank have all used reed as wetlandtagge (Khalili, 2007).
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h) Treatment Efficiency

Constructed wetlands could act as primary buffetsvben pollution sources and
adjacent aquatic ecosystems. Constructed wetlanglsnmere complex than

conventional treatment processes due to the diéuBow and the large number
of processes involved in wastewater degradationth&g removal efficiency is

less easily predictable with the influence of theas/ing hydraulics and with the

influence of internal environment (Hoddinott, 2006)

There are many factors that can influence the pmdace of constructed
wetlands such as hydraulic properties, temperatagetation, wind, shape of the
system, inlet—outlet configuration, width-to-lengtlatio, depth and baffles.
Reduced treatment efficiency can occur when wetlaar@ constructed without
considering the influence of the filter medium meteneity on the hydraulic
parameters and the hydraulic performance of theesysThe heterogeneity in the
hydraulic parameters of the filter bed can leasda-uniform flow patterns and
dispersion that will cause variations in the hydicauetention time and poor

treatment efficiency (Sulimaet al., 2007).

Vymazal and Kropfelové (2008) concluded that digsdloxygen concentration at
the effluent of horizontal subsurface flow does pobvide good information

about the processes occurring in the filtrationsbddthey focused on nitrification
and sulfate-reduction as processes occurring ustdetly aerobic and anaerobic
conditions, respectively. The obtained data shothatin systems with very low
outflow concentrations of dissolved oxygen, nitdiion was frequently very

limited but in some systems a substantial reduadbbammonia occurred. Also,
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several systems with relatively high effluent oxygeoncentrations provided
nearly zero removal of ammonia. For sulfate, hiffluent oxygen concentrations
were sometimes connected with high reduction ofasel But, low effluent

oxygen concentrations were not connected with suleduction.

Nitrogen processing in constructed wetlands isnof@riable. Landrgt al. (2009)
examined the effect of artificial aeration and tygfenacrophyte on nitrogen loss
and retention. They found that removal of totatagen was higher in summer
and in planted and aerated units, with the highestn removal in units planted
with T. angustifolia. Also, denitrification was thmain nitrogen sink in most
treatments accounting for 47-62% of total nitrogemoval, plant uptake
accounted for less than 20% of the removal whitBnsent storage was dominant

in unplanted non-aerated units and units planted Ri arundinacea.

The horizontal flow constructed wetlands can prewadeliable secondary level of
treatment with regard to biochemical oxygen demamd total suspended solids.
These systems are less effective for nitrogen ramorless a longer hydraulic

retention time and enough oxygenation are prov{deditaet al., 2009).

Nitrogen removal rates reported for horizontal sufzce flow constructed
wetlands are variable, ranging from high removdl®wer 90% to removals as
low as 11%. Nitrogen retention in constructed wetkis thought to occur by
ammonification, followed by nitrification (Landrgt al., 2009). Nitrification is

usually the limiting step of nitrogen removal inrizontal subsurface flow

constructed wetlands, as it is an aerobic chemeot@ypthic microbial process and
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oxygen diffusion is limited in these systems. Oxygaust be provided to the
nitrifying microbes through oxygenation of the vesttl with the presence of
plants in order to enhance nitrogen removal efficie Plants provide oxygen to
the rhizosphere via passive or active oxygen trarigbrough their stems from
the atmosphere to the roots. Aerated constructdthmgs have higher nitrogen
removal rates than non-aerated wetlands. Nitriicais a temperature dependent
process and it depends on season and become @shii@tow 10°C, reducing the

efficiency of constructed wetlands in colder cliem{Landryet al., 2009).

The mechanisms involved in nitrogen removal in toased wetlands include
volatilization, ammonification, nitrification/demitication, plant uptake, and
matrix adsorption. Ammonification and nitrificatibdenitrification are the major
nitrogen removal mechanisms. Low rate of nitrificatare achieved in horizontal
subsurface flow wetlands due to anoxic, anaerobiuditions in the wetlands

(Vymazal, 2002).

Denitrification can be limited in constructed weills by lack of carbon, lack of
excessive oxygenation. Estimations of denitrificatirates remain difficult, as
direct (stable isotopes, acetylene blockage and breme inlet mass
spectrometry) and indirect measurements based oss rbalance are often
divergent. In general, denitrification accounts fapre than half of nitrogen

removal in constructed wetlands (Landtyal., 2009).

Plamondoret al. (2006) examined the effects of artificial aeratan the removal

efficiency of horizontal flow constructed wetlandBhey found thatartificial
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aeration enhanced total suspended solids remavalirter, the reduction in
COD removal in non-aerated wetlands compared to nsmwas totally
compensated for in aerated wetlands, in both pihrged unplanted units.
Artificial aeration improved TKN removal in planteahits, but to a lower extent

than for unplanted units.

The performance of horizontal subsurface flow caeséd wetlands for nitrogen
and soluble organic matter which highly driven hgldgical activity may be

reduced in winter where biological processes amgp&rature dependant. Lower
winter temperatures, low oxygen availability arec@nmon limiting factor in

horizontal subsurface flow constructed wetlandsindurthe growing season.
Oxygen solubility is higher in colder water, butsgaxchange in horizontal
subsurface flow constructed wetlands may be redbgetie additional insulation

layer (Plamondoret al., 2006)

Plamondoret al. (2006)found that more than 95% of TSS was removed during
the experiment regardless of season, presenceaof pt aeration. There was no
apparent difference in TSS removal between plaateti unplanted wetlands as
expected from a pollutant whose removal is mainlg tb physical processes. On
the other hand, there was a slight but signifiganrovement in TSS removal in
aerated systems both in summer and winter. Alsd) @noval was above 90%
in all treatments except for unplanted non-aeratgdlands (88%). During
summer, there was a slight improvement in COD reahav planted wetlands
compared to unplanted, but no effect of artificération, regardless of the

presence of plants.
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Factors that enhanced electron acceptor availaloitiroot zone oxidation status
can be at least as important as temperature inriagsorganic matter removal.
When oxidation decreases, amount of residual ioanic matter accumulated
increases and aggregates in filtration matrix, cgdy HRT. Increasing oxygen
availability with artificial aeration could enhanamineralization and reduce
hydraulic clogging due to increased organic maatrumulation(Plamondon et

al., 2006).

TKN removal in non-aerated units was significarttigher in planted wetlands
than in unplanted ones, both in summer and wimgificial aeration improved
summer TKN removal in unplanted wetlands but thditeahal aeration did not
fully compensate for the absence of plants. TKN aeath in winter was lower
than in summer because of the lower winter tempegathich was under optimal
temperature for nitrifying activity. In winter, #itial aeration improved TKN
removal for all wetlands. However, artificial agoa didn't compensate for the
absence of plants. There was less soluble ammonigtlat in aerated than in non
aerated basins, both in summer and winter. Thei® measignificant difference
between NO3 content at outlet of planted and uiethaerated beds, suggesting
that there was no limitation of denitrification dte artificial aeration. Also, as
with TSS and COD, there was no difference in TKkhogal between common
reed and cattail, suggesting that either plant ispeare equally efficient for
horizontal subsurface flow constructed wetland.r€hgas no difference in TKN
removal between common reed and cattail for TSS &®@D removal

(Plamondon et al., 2006).
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Organic compounds are degraded in horizontal stdsarflow constructed
wetlands both aerobically and anaerobically. Themlmers of aerobic
heterotrophic bacteria in wastewater entering \&gdt beds are higher than
aerobic ones but anaerobic bacteria prevail inotiteflowing water. As a result,
that aerobic bacteria naturally die-off due to afavorable anaerobic or anoxic
conditions during the passage through the filtratmedium of vegetated beds

(Vymazal, 2002).

Constructed wetland bed is the major long term phosous storage. The
adsorption and retention of phosphorus in wetlasdsntrolled by the interaction
of redox potential, pH value, Fe, Ca. Horizontddsurface flow usually does not
remove higher amounts of phosphorus from the watrwbecause suitable
conditions for phosphorus removal are lacking iesth systems. The most
important removal mechanisms are chemical pretipitaand physico-chemical
sorption, processes that are not temperature depenéiowever, biological

influences on P removal, which are temperature-oidpat, are relatively

unimportant. Field experience suggests that theuamof phosphorus which

could be removed by harvesting accounts only foalsmpercentages which

usually less than 10% and in most cases less #afVgmazal, 2002).

High microbial biodiversity, the low flow velocitie the heterogeneity of plant
stocks and the redox conditions impede successfaluation of the different
transformation processes being responsible foreagtg the total removal
efficiency of the treatment wetland. Inhibition leéneficial microbial processes

such as ammonium oxidation by sulphur compound@sHIRS and also correlation
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of sulphur dynamics and generation of greenhoussesgyaare known but

insufficiently investigated (Wiessner, 2010).

The wetland system may influence the sulphur cygdiin releasing oxygen and/or
organics by the plant roots, and sulphur cycling cdluence nitrogen removal
and other removal processes in the wetland systesrtalthe toxicity of reduced
sulphur compounds, as well as carbon and oxygerpettion. Redox processes
of the sulphur cycle such as sulphate reductioluenice the conditions for the
biochemical processes, changing the pH and redoxlitons, which in turn
mobilize the fixed phosphate in the sediment fa& use by plants and
microorganisms. sulphide concentrations of 0.5 magél known to be toxic for
microbial nitrification. Studies on laboratory seakystems showed highly
efficient sulphate reduction and indicated a catieh of sulphur transformation
processes with nitrogen and carbon removal. Thesiepn of elemental sulphur
inside constructed wetlands, the precipitationedy metals and metalloids such
as arsenic may provide redox buffering or potendgialirces for further redox

processes influencing the system (Wiessner, 2010).

Wiessner (2010) found that sulphate reduction oecurin laboratory scale
planted wetlands and unplanted control units deipgndn the availability of
organic carbon. The main part of the reduced sulplas found to be
immobilized inside the planted and unplanted grévegls. Only small amounts of
dissolved sulphide and thiosulphate were generd&edoval of organic carbon
and ammonium was found to be more efficient indide planted wetlands

compared to the unplanted control unit.
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The wastewater treatment plant located in Sakhwihich treats water with

conventional wastewater treatment technology neaeeobic pond and facultative
ponds) was redesigned and upgraded by adding s¥x nenstructed wetlands
having different operating conditions at the eridhe treatment plant. These
wetlands were operated from August 2005 to Febra@f6. Avsaret al. (2007)

found that the most appropriate constructed welamds that planted with
Phragmites and with volcanic tufa as media matefile maximum removal
efficiencies were 71.8% on COD, 92.9% on TSS, 63d@f@ammonia. Also, the
phosphorus uptake capacity of plants increases plitbsphorus load up to a
concentration limit. Ammonium reduction was obserat low levels for all the

constructed wetlands. Nitrogen uptake decreased Wgh concentrations and

high loads in the wastewater.

Yang (2001) found that the removals of ammoniasatet and soluble reactive
phosphorus were related to three factors (presehgegetation, medium types,
and time period for the test). Also, they foundtttiee main removal mechanism
for ammonia was nitrification while nitrate was rewed mainly by denitrification

and plant uptake in vegetated systems. The maioval mechanism for soluble
reactive phosphorus was chemical adsorption inutisaturated soil bed systems.
Also, the results showed that the subsurface floave) bed constructed wetland
system with vegetation was the optimal one for timoval of total inorganic

nitrogen.
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Removal mechanisms of Horizontal subsurface flow cstructed wetlands

Several physical, chemical and biological proce¢sgsrobial metabolic activity
and plant uptake) take place in a wetland systemysiPal-chemical processes

such as sedimentation, adsorption and precipité¢Sarat, 2006).

Yolatilization Evapo-transpiration

My
N0 i Cutlet Structure
Inlet NHy Emergeancy Overflow

From
Septic Tank Fiftraticn

Plant Up-Take T

Note: Notto Scale

Figure 2.4 Process through the constructed wetland bodyt(S486).

As the wastewater flows through the constructedamdtcell, plants up-take the
wastewater in a process called transpiration. phieess will somewhat reduce
the overall volume of wastewater. Lower portionsha constructed wetland cells
do not receive enough oxygen to maintain aerobinditions and become
anaerobic. This zone will transform the nitratesouced by the nitrification
process), into compounds that are easily removeshitfification breaks those
components down into nitrogen and nitrous oxide. gdsse gases are then
released into the atmosphere through a processlocailatilization. Depending on
the level of phosphorus removal desired, the coottd wetland may be designed

to optimize its removal. Removal can occur by thsaaption of phosphorus to
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the gravel media, precipitation of insoluble phasels with ferric iron, calcium,

and aluminum found in media, or small amounts v absorbed by the

constructed wetland vegetation. Fecal coliform otidms in the constructed

wetland cell systems depend on the hydraulic reselegime. Fecal coliform

reduction in wastewater is attributed to natura-ofif of the pathogens while

passing through the media (State of Ohio EnvirortaleRrotection Agency

(OHIOEPA), 2007).

Table 2.2 Overview of pollutant removal mechanisms ($2@06)

Pollutant

Removal Process

Organic Materie

(measured as BOD)

biological degradation, sedimentation, microl

uptake

Organic Contaminants

(e.g. pesticides)

adsorption, volatilization, photolysis, biotic/ab@

degradation

Suspended solids

sedimentation, filtration

Nitroger sedimentation, nitrification/denitrificatiol
microbial
uptake, plant uptake, volatilization
Phosphorus sedimentation, filtration, adsorption, plant &
microbial
uptake
Pathoger natural di-off, sedimentation, filtration, adsorpti
Heavy metal sedimentation, adsorption, plant upi
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Biodegradable Organic Matter Removal

Microbial degradation plays a main role in the realof biodegradable organic
matter. Plants in the constructed wetlands suppygen to the wetland ensuring
the aerobic degradation of organic material. A¢ ttame time, anaerobic
degradation of organic material takes place inlib#om sediments. Both free
water surface and subsurface flow wetland funcéisrattached growth biological
reactor or known as biofilms. Biofilms are formed microorganisms attach
themselves to the plant and to the substrate. \Wagte is exposed to this biofilm

when it passes through the wetland (Sa'at, 2006).

The removal of organic are generally very high oritontal flow constructed
wetlands. Aerobic degradation of soluble organicttemais governed by the
aerobic heterotrophic bacteria. Also, ammonifyingctieria degrade organic
compounds containing nitrogeander aerobic conditions. Heterotroplase
responsible forthe reduction in the BODof the system because it has faster
metabolic rate. Insufficiergupply of oxygen to this group will greatly redube
performance of aerobic biological oxidation. In megstems designefbr the
treatment of domestic or municipal sewagegupply of dissolved organic matter
is sufficient andaerobic degradation is limited by oxygen availailNitrifying
bacteria also utilize oxygen to cover their physgital needs. However, it is
generally agreed that heterotrophic bacteria oupsden nitrifying bacteria for

oxygen (Vymazal, 2005).

49



When oxygen is limiting at high organic loadingsaarobic degradation will
predominate. In the first step of anaerobic deafiad, the primary end products
of fermentation are fatty acids, such as acetityrlmuand lactic acids, alcohols
and the gases GCand H. Strictly anaerobic sulfate reducing bacteria and
methane-forming bacteria then utilize the end-potslof fermentation depend on
the complex community of fermentative bacteria tpmy substrate for their

metabolic activities (Vymazal, 2005).

50



Suspended Solids Removal

Most of the solids are removed through sedimemntadiod filtration. Suspended
solids removal is not a design variable in the rarrsense, though solids
accumulation must be considered during system degigsedimentation pond is
added prior to the wetland system to remove lasgeiment and avoid clogging

in the wetland (Sa'at, 2006).

Nutrients Removal

Considerable amounts of nutrients can be bounchénbiomass. The uptake
capacity of emergent macrophytes is roughly inrdmgge 50 to 150 Kg P ha-1

year-1 and 1000 to 2500 Kg N ha-1/yr (Vymazal, 2005

Reduction of nitrogen and phosphorus compoundsinesjuhe long detention
times. Nitrification/ denitrification are the maiamoval mechanism for nitrogen.
The Nitrosomonas bacteria oxidize ammonia to eitaierobically. The nitrite is
then oxidized aerobically by Nitrobacter bactewaproduce nitrate. Nitrate is
reduced to gaseous forms under anaerobic conditi¢aenitrification).

Volatilization, adsorption and plant uptake play alnuless important role in
nitrogen removal in horizontal subsurface flow domsted wetlands (Vymazal,

2005).

Nitrification which is performed by strictly aerabbacteria is mostly restricted to
areas adjacent to roots and rhizomes where oxygps Ito the filtration media.

Prevailing anoxic and anaerobic conditions offeritadlle conditions for
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denitrification but the supply of nitrate is limiteas the major portion of nitrogen

in sewage is in the form of ammonia (Vymazal, 2005)

Vipat et al. (2008) evaluated the treatment efficiency of &ficale constructed
wetland. It was constructed in an area of 700 nvinga0.7 m depth and lined
with clay and filled with gravels (0.7 cm to 2.5 atrameter). The constructed
wetland showed a removal of MW up to 78.6 and TKN 59%, organic nitrogen

67.5% where the turbidity removal efficiency rangess (83.8 to 88.4%).

Phosphorus is stored in new constructed wetlanoinsgds. Phosphorus removal
can involve a number of processes such as adsorgitiwation, sedimentation,

complexation/precipitation and assimilation/ plaptake (Sa'at, 2006).

Phosphorus is removed primarily by ligand exchamgetions, where phosphate
displaces water or hydroxyls from the surface of dfel Al hydrous oxides.
Gravel used in horizontal subsurface flow consedavetlands does not contain
great quantities of Fe, Al or Ca so that removaplebsphorus is generally low.
Aerobic conditions are more favorable for P somptiand co-precipitation.
Removal of nitrogen and phosphorus through plamvdsing removes small

fraction of the phosphor content (Vymazal, 2005).

Metal Removal

The physiological reasons for heavy metal uptakeoimstructed wetlands depend
on the plant species. In grey water and domeststemater heavy metals are not

an issue, because their concentration is relatively. On the other hand,
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Industrial effluent could contain significant amésiof heavy metals depending

on the industry type (Hoffmann and Winker, 2011).

Metals are removed in treatment wetlands by thra@mmechanisms (i) Binding
to soil, sediments, particulates and soluble odmy cation exhange and
chelation(ii) Precipitation as insoluble salts, npipally sulfides and

oxyhydroxides and (iii) Uptake by plants, includiatpae and by bacteria. The
predominant removal mechanisms in the constructeithnds were attributed to
precipitation-absorption phenomena. Precipitatioas wenhanced by wetlands
metabolism, which increased the pH of inflowingdaciwaters to near neutrality.
Trace metals have a high affinity for adsorptiom aomplication with organic

material and are accumulated in wetlands ecosyd#ant uptake and microbial

transformations may contribute to metal removalai$2006).
Reuse for irrigation

Subsurface flow constructed wetlands treat wasewtata standard suitable for
discharge to surface water or suitable for vari@use applications according to
WHO guidelines. The design of the subsurface flowstructed wetlands depends
on the desired effluent quality for disposal orseuThe most common type of

reuse is irrigation (Hoffmann and Winker, 2011).
Color aspects

The effluent from constructed wetland can have lweor brown color due to
the presence of humic substances, such as hunds adiich are a result of

biological degradation of organic matter. This colnay reduce the social
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acceptance of wastewater reuse. Humic acids haveegative impact on
disinfection processes with chlorine or UV radiatiiHoffmann and Winker,

2011).
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Chapter Three
Material and methods

3.1Introduction

Constructed wetland experimental setup was placside the campus of Birzeit
University near the university wastewater treatmglaint. During the research
period, data was collected from the experimentaktrocted wetlands. Then the
collected data was analyzed. The methods and emeetal procedures used for

data collection are explained below.
3.2Preliminary Laboratory Tests

Sieve analysis and hydraulic conductivity of diffiet gravel was carried out in
order to determine the suitability of the filter dnem to be used in constructed
wetland. The gravel sieved between (12.5-19) mmegavgood flow and a

reasonable hydraulic conductivity. The identifioatiof plants species in the
wetland were done by Technicians from the Univensitere they confirmed that
common reedsRhragmites), was available. They have capacity to grow quickl
and carry enough oxygen through their roots. Tenl nglants were planted into
each constructed wetland at the beginning of thpeement but some of them
dried up and died in the two weeks of operatiore Tkeath of reed in the initial
stage did not affect the rapid increase of yourantsl during the experimental
period. The constructed wetland was designed ftluent flow rate of 0.36

m%day. The wetlands were constructed in 15/Marchi2@lso, they were put in

operation on the same day with influent water frBirzeit University treatment
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plant effluent. This influent was used at the bagig of the experiment in order
to provide an accessible and near influent sowdeigate the plants. After one
month, one of the wetlands (S3) was continued tarrgated with this type of
treated wastewater but the other two system wekevith Al-Bireh teriary treated
wastewater and Al-Mazra'a wastewater. Then, thetesys were kept in
operations with these influents for three weeksiftbhe date of operation and then
samples from influent and effluent were analyzeckbe for a limited set of

parameters (COD, NFHING;, PQ, and pH).

Photo 1HSSFCW in operation, photo date (23/July, 2011)z&t University/
Palestine
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3.3Experimental Setup

3.3.1 Constructed wetland setup
Constructed wetland setup was used to simulateetieval efficiency of natural

treatment system for organic matter. The pilotesaadnstructed wetlands were
operated outdoor under prevailing environmentalddwns. The setup was
constructed to suit the operation under three wigfes. This setup was made of
stainless steel (60cm length, 45 width and 45 deptastewater depth was 35 cm
and gravel depth was 40 cm. There were three seftips to run the tests with
different influent water quality at the same tindevalve to control the hydraulic

loading rate under gravity was installed at thetiploint.

Waste water was collected from Al-Bireh wastewareatment plan, Birzeit
University treatment plant and Al-Mazra'a onsitatment twice a week at least.
These effluents were stored in refrigerator. Thastwcted wetlands were fed

with wastewater daily using plastic containers whiere cleaned every 10 days.
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Photo 2 Small scale constructed wetland experimental sgtiupto date
(27/August/2011)/ Birzeit University/ Palestine

Photo 3Small scale constructed wetland experimental sgtupto date
(12/Sep/2011)/ Birzeit University/Palestine
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Three horizontal subsurface flow Constructed weldawere located inside the
campus of Birzeit University, Palestine. Three tankere used to store the
effluent. The influent was distributed at the indéteach system by gravity. At the
outflow of each unit, there was a level controlkeep the water level at 35cm
from the base. Also, a graduated beaker was usemlkect and measure the
guantity of treated effluent being discharged dalllge three systems were filled
with gravel (12.5-19 mm, porosity 0.4). The watasle was kept 5 cm below the

substrate surface. The effluents were artificialtyated by an air pump.

3.4Design parameters
3.4.1 Flow pattern
All constructed wetland systems were designed a&dmial subsurface flow

(HSF) systems.

3.4.2 Types of wastewater
Three types of treated waste water were used t fiee constructed wetland

system. These types are:

1. Al-Bireh tertiary treated effluent
2. Al-Mazra'a anaerobically pre treated grey water
3. Birzeit University secondary treated effluent

3.4.3 Hydraulic retention time

Hydraulic retention time was monitored daily anghtkeround 1.3 days.
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3.4.4 Aspect ratio
Aspect ratio (length: width ratio) must be lessntha in order to distribute
wastewater to as wide a profile as possible inmtal@void local clogging of the

inlet zone.

Calculation of aspect ratio:

Volume = 0.6*0.45*0. 45*0.4 9.054m3
HRT =1.3days
Flow = V/HRT=37.38l/d
To account for evaporation (B81/d will be supplied to the system
Then,

Aspect ratio = length/ width = 0.6/0.45 = 1.33 <k.

3.5Measurement of water quality parameters

The treatment system began to operate at the bagimi March 2011 and the
system was allowed to stabilize for two monthseAfhis stabilization period, the
wetlands were monitored for six months for all paeters presented in Table 3.1.
The samples were collected weekly at the inlet antlet of each wetland.
Physical, chemical and biological water quality grmaeters were measured as
described in the Standard Methods for the exanunadf Water and Wastewater

(APHA, 2005).

Samples were filtered by 0.45um membrane for diesbbrganic carbon which
was measured by the wet chemistry method on an r@llyfical Aurora 1030

TOC analyzer. For all the measured parameters csitepgamples which is
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composed of three samples were taken at the inigtoaitlet of each system.
Water samples were taken for total phosphorus;, WD;, and chemical oxygen
demand (COD) after six week of operation. In 15¢J8011, samples were pre-
filtered (Whatman 934-AH) for total suspended solideasurements (TSS) and
filtered by 0.45um membrane for DOC. N-NHwas measured using
Nesselarization method. R@as measured using Ascorbic acid method. COD
was measured by the closed reflux colorimetric me@tfmethod#5220 D) and
TSS was measured using the total suspended sofidd @t 103-105 °C
(method#2540 D). Temperature, @Ad redox potential were measured using an

Y SI multi-probe (YSI model 556) in the piezometers.

3.5.1 Laboratory analysis

Analysis of several parameters was carried ouhatBirzeit University Testing

Laboratories, Birzeit, Palestine, except DOC whieés analyzed in Jerusalem
Company for medical products. Among the major asiid; was analyzed using

Capillary lon Analyzer (CIA) method. The methodseddso analyze the other

parameters are shown in Table 3.1.

During the experiment, new calibration curves wer@vn each month or in the

case at which new reagents were prepared.

3.5.2 Process conditions
a) Oxic conditions
Oxic conditions were maintained by aeration ofuefit water. During aeration

dissolved oxygen concentration was maintained atr@dumg/I.
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b) Hydraulic loading rate

Constructed wetlands requires a low hydraulic logdate and a long hydraulic retention
time to achieve efficient pollutant removal takimgconsideration the fact of a lack of
criteria to define what is meant by high or low HLRalues of 135l/fid, 1540 and
1950I/nf/d were all considered by authors to be very hgjiang et al. (2007) examined
the effect of increasing HLR on the removal ratseteral pollutants in a vertical flow
constructed wetland fed with agricultural and damesastewater. They found a slightly
increase in removal rate for ammonia (variatiorgeati0%) when increasing HLR from
200 to 1200I/ri/d. But for COD and TP, the removal rate decreasiéis 16 and 27%,

respectively. On the other hand, there was no a#gBOD removal rate.
HLR = Q/A

Where:

HLR: hydraulic loading rate (m/d)

Q: flow (m%d)

A: Surface area of the constructed wetlané) (m

HLR for the horizontal subsurface flow constructestlands fed with Q = 38 L/d

and has a cross sectional area of (0.45 x O?@qnals:

HLR = 0.038 / (0.45x0.6) = 0.14 m/d

3.6 Analytical Method and Equipment
The methods, reagents and equipments used to reedsigrent parameter

during the study are presented below.
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3.6.1 Measurement of physical parameters (EC, DO and pH)

The electrical conductivity and temperature of effluent water was measured
with conductivity meter. During measurement thebygrof the meter was inserted
in the sample, the sample was stirred to ensur@mamimixing and when stable

reading obtained, the reading was recorded.

Dissolved oxygen was measured with the specific HKA@Q10 oxygen meter.
The DO was measured in the lab immediately aftangathe samples to limit the

time at which the sample will be with contact watin as much as possible.

Measurement of pH was carried out by using Metr@®h-pH meter which was
calibrated prior to the measurement. Samples watected in glass bottles from
the influent and effluent. The samples were mixathva magnetic stirrer to
ensure uniformity. Then the meter probe or thetsdde was immersed in the
sample after rinsing it thoroughly by spouting devenalized water from plastic

wash bottle. The stable final reading was thenrtake

3.6.2 Chemical parameters

Biological Oxygen Demand, Chemical Oxygen Demandnnfonia, Nitrate,

Phosphate were measured according to Standard dsefABHA, 2005).

Ammonia (NH4-N)
Measurements of ammonia were carried out by usiegshrization method. In

order to prepare calibration curve (NN versus Absorbance), a series of
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standards were made by diluting a prepared starstdtdions to 50ml. also, a

calibration curve were prepared for other paransetach as COD and RO

Nitrate (NO3- N)
Measurements of Nitrate were carried out by usiagilary lon Analyzer (CIA)

method. The method used to measure the concemtratiother parameters are

listed in Table 3.1

3.6.3 Biological parameters

Fecal coliform were analyzed according to 9221-Ehods (APHA, 2005).

3.7 Sampling

Samples were analyzed for both influent and effiu#rthe constructed wetland
during the project period. On 1/May/2010, they waralyzed for COD, NK
NOs, PQ, pH and DO. From 15/June/2011 to 11/Oct/2011ewsamples were
analyzed weekly for the same parameters mentiometidition to TKN, BOD,
DOC, SQ, TSS, TDS, DO, EC, pH and fecal coliform).

3.7.1 Sample collection

Composite samples from the inlet and outlet ofatrestructed wetland units were
collected in sterile plastic bottles and stored°&. Composite samples from both
the influent and effluent were analyzed. Each samipl composed of three
samples collected between 7:30 am and 11:00 arkeptdn the refrigerator until

collecting all of the three samples. The sample sias 200 ml which took about

10 minutes to be collected. It was collected irsglaottles and then mixed to
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form a composite sample. The composite samples amagyzed for the all the
parameters presented in Table 3.1

3.7.2 Water sampling methods

The parameters used for the determination of theiericy of the system were
Total Dissolved Solids (TDS), Total Suspended $o(itiSS), Chemical Oxygen
Demand (COD), Biological Oxygen Demand (BOD) N#rat(NGs-N),
Ammonium (NH-N), Ortho-phosphate (R&P), pH, Temperature, Electrical
conductivity (EC), Dissolved oxygen (DO) and fecaliform. The characteristic
parameters were measured according to Standardoieibf Analysis (APHA,

2005).

The samples were collected and filtered througtaadsard 0.4%um pore filter for

major anion analysis, was placed into a Nansertiplbsttle and stored at 4° C.
Samples fractions were analyzed as soon as thigdiio the laboratory. Water
samples were collected between 7:30AM and 11:00 8&Mmples were collected

over the period May/ 2011 to October/ 2011.
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Table 3.1 Methods used and water quality parameters meadaragtde wetland

samples
Element Analytical method Instrument used for anaysis
NOs Capillary lon Analyzer (CIA) UV 300/ UV-Visible
spectrophotometer/
UNICAM (A=220 nm)
NH4 Nesslerization method (direct a UV 300/ UV-Visible
following distillation) spectrophotometer/
UNICAM (A=225 nm)
PO, Ascorbic acid method Automated ascorbic acid reduction
TSS
TDS Total dissolved solid dried at 105 Filtration Apparatus
°C (Gravimetric method)
Conductivity | Laboratory method pH-meter 3320, Conductivity meter,
Jenway 4320, Jenway
DO Membrane electrode mett DO meter/ Fluroprok (FL-3-H)Luminefcent
oxygen analyzer
DOC Persulfate-ultraviolet oxidation TOC analyzer
method
pH Electrometric methc pH-meter 3320, Jenw.
Fecal 9222-B
coliform 9221-E
Organic Hach COD reactt
material DO meter — Oxi 197
COD
BODs
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Chapter Four: Results and Discussion

4.1 General

The three systems were planted with 11 healthytplah Phragmites (common

reed) which were distributed uniformly on the wetasurface. Some of these
plants dried and replaced by new reed plants frometdand near the Birzeit

university treatment plant. Growth for phragmitescigtased and started to dry
from late July/2011. The main physical, chemical &iological results for these

samples are presented in the following sections.

4.2 Wastewater treatment

4.2.1 Physical parameters

In the case of pH, no significant variations ocedrduring the wetland operation
period. On the whole, pH values showed a trendetkdpt on a slightly basic
range. These interactions may have resulted imselef salts from the substrate
to the water, explaining the slight increase of drariivity, observed along the
unit during all periods. The average pH valueshm influent were 8.21, 8.3 and
8.32 and in the effluent were 7.57, 7.64 and 7@2A1-Mazra’a, Al-Bireh and
Birzeit waters, respectively during the steadyesta¢riod. Similar results was
achieved by Zurita et al. (2009) who reported aak&rage pH concentration in

the effluent treated in a HSSFCW.
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Figure 4.1Influent and effluent pH concentrations in a camstied wetland

treating anaerobically pretreated wastewater iMAkra'a, Ramallah/Palestine
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Figure 4.2 Influent and effluent pH concentrations in a camnsted wetland
treating tertiary treated municipal wastewaterrireatended aeration wastewater

treatment plant, Al-Bireh city/Palestine
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Figure 43 Influent and effluent pH concentrations in a cansted wetland
treating secondary treated wastewater in Birzeivéhsity treatment plant,

Ramallah/Palestine

Dissolved oxygen

A constructed wetland with shallow depth was creéatethis study to increase the
oxygen level in the substrate and wastewater. Risdooxygen concentrations
were slightly decreased in the wetland, indicatimgygen consumption by
pollutants (Fig.4.4). Artificial aeration improvetie removal efficiency in the
wetland as Landry et al. (2009) concluded The oblplants goes beyond the sole
addition of oxygen, probably by enabling a moreedsified and active micro
fauna development near the root zone (Planébi., 2006). Also, Onget al.
(2010) concluded that aerated reactors resulted better performance in the

biodegradation of organic matter and nitrification.
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Figure 4.4Influent and effluent DO concentrations in a comstied wetland

treating anaerobically pretreated wastewater iMakra'a, Ramallah/Palestine
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Figure 4.5Influent and effluent DO concentrations in a cansted wetland
treating tertiary treated municipal wastewaterrnireatended aeration wastewater

treatment plant, Al-Bireh city/Palestine
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Figure 4.6 Influent and effluent DO concentrations in a cansed wetland
treating secondary treated wastewater in Birzeivéhsity treatment plant,

Ramallah/Palestine

4.2.2 Chemical parameters

Chemical parameters for the wetland during theniipg and steady state periods

are presented in Table 4.1.
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Table 4.1Average influent, effluent concentrations and reatdor three

wastewater influents during the project period (@y%2011- 11/0Oct/2011) for

Parameter

BOD (mgll)

COD (mg/l)

DOC (mgl/l)

NH4-N (mg/l)

NOsz-N (mg/l)

TKN (mg/l)

TN (mg/l)

PO-P (mgll)

SO, (Mg/l)

pH

# of
samples

18

30

18

30

30

18

18

30

18

30

Source water

Influent
Effluent
Removal (%)
Influent
Effluent
Removal (%)
Influent
Effluent
Removal (%)
Influent
Effluent
Removal (%)
Influent
Effluent
Removal (%)
Influent
Effluent
Removal (%)
Influent
effluent
Influent
Effluent
Removal (%)
Influent
Effluent
Removal (%)

Influent

Al-Mazra'a
20.3 (5.13)
11.1 (5.13)
43.4 (25.3)
52.1 (8.6)
34.1 (9.27)
34 (18.26)

3.1(0.7)
2.1(0.4)
32 (6)
7.1(1.33)
1.7 (1.92)
77 (25)

11.9 (3.14)
2.7 (1.44)
75 (15.41)
29.1 (6.94)
13.4 (4.08)

53 (11.1)

41 (5)
16.1(2.8)
4.6 (2.02)
2.2 (1.09)

50 (16.13)

135.5 (31.85)

115.2 (29.9)
15.2 (8.15)

8.1(0.21)

both ripening and steady state periods.

Concentration (mg/l)

Al-Bireh
7.2 (1.5)
5.7 (0.78)
18.6 (10.4)
34.2 (7.06)
24.2 (7.26)
29 (16.2)
4.4 (0.76)
2.9 (0.78)
34 (3.4)
3.3(1.73)
0.63 (0.79)
83 (14.5)
14.6 (4.15)
3.02 (2.97)
79 (18.1)
18.5 (3.96)
12.05 (3.69)
35 (12.34)
33.2(3.9)
15 (3.3)
6.2 (1.63)
3.3(1.69)
47 (24.25)
45.02 (18.87)
37.5 (15.87)
15.5 (11.25)
8.3 (0.26)

Birzeit
16.1 (2.33)
8.6 (2.73)
47.2 (12)
45.7 (6.89)
31.1(7.82)
32 (15.3)
5.3 (0.61)
3.6 (0.45)
31 (4.1)
6.2 (1.47)
1.1 (1.7)
84 (23.2)
11.7 (3.45)
2.1(1.78)
81 (17)
27.1(9.16)
13.7 (4.45)
50 (12.4)
38.8 (6.3)
15.8 (3.1)
6.9 (1.8)
3.4 (1.13)
49 (14.7)
26.7 (8.79)
21.7 (7.86)
18.8 (13.4)
8.2 (0.32)
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TDS (mg/l) 18
TSS (mg/l) 18
EC (ps/cm) 18

Fecal coliform
(cfu/200ml)

Effluent
Removal (%)
Influent
Effluent
Removal (%)
Influent
Effluent
Removal (%)
Influent
Effluent

Removal (%)

Influent

Effluent

Removal (%)

7.6 (0.23)
6.5 (2.45)
337.2 (66.68)
366.4 (63.76)
-9.2 (3.82)
95.1 (22.08)
80.2 (23.44)
16.4 (7.7)
736.5 (127.68)
679.5 (135.56)

-8.9 (3.64)
4.4*10°9
(8.68x10"9)
1.2*10"8
(1.69x10"8)

14 (6.52)

7.8 (0.31)
6.6 (3.7)
327.1 (23.04)
351.4 (22.94)
-7.6 (4.8)
33.3 (6.77)
26.05 (6.82)
21.9 (11.1)
695.3 (61.73)
658.4 (47.08)
-5.6 (5.8)

1.6*108

(4.29x10"8)

5.7*10"7

(1.75x10"8)

16 (9.8)

7.8 (0.34)
4.9 (2.9)
298.6 (52.45)
325.6 (37.27)
-11.1 (16.1)
42.2 (9.91)
32.4 (8.77)
23.3 (9.4)
652.8 (76.63)
602.8 (10%.06
-10.2 (15.4)

9.3*10"9
(1.8x10710)

2.6*10"8
(6.16x10"8)

16.6 (6.1)

*The influent and effluent of the constructed wedlsere analyzed for NHNOs, PQ,, COD,
DO and pH after 46 days of operation from 1/May/26€d 15/July/2011.

* The influent and effluent of the constructed \aetls were analyzed for other parameters after 91

days of operation.

* Standard deviation values are presented betweskeéts.
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Table 4.2Average influent, effluent concentrations and reatdor three

wastewater influents during the steady state pg@@dJune/2011- 11/Oct/2011)

Paramete

COD (mg/l’

NH4-N (mg/l)

NOa-N (mg/l)

PC4-P (mg/l!

pH

# of
samples

17

17

17

17

17

Source
water

Influent
Effluent

Removal
(%)

Influent

Effluent

Removal
(%)

Influent
Effluent

Removal
(%)
Influent
Effluent

Removal
(%)

Influent

Effluent

Removal
(%)

Concentration (mg/

Al-Mazra'a
54.4 (8.86
34.75 (11.57
36 (20.5)

6.78 (1.38)
0.41(0.31
94 (3.66

13.3(3.2)
2(1.2)
84 (9.8)

3.3(1.2
1.5 (0.86)
51 (18.3)

8.21 (0.19)
7.57(0.24
7.88 (2.14)

Al-Bireh
33(6.4
23.5 (4.7
27 (15.4)

3(1.7)
0.29 (0.17
87 (8.45

14.7 (4.8)
1.1 (0.45)
92 (4.3)

5.51 (1.13
2.8 (0.94)
49 (18.8)

8.3 (0.31)
7.64 (0.27
7.92 (2.86)

Birzeit
45.8 (6.7
29.6 (5.42
35 (1.22)

6.04 (1.48)
0.22 (0.09
96 (1.22

13 (4.07)
1.2 (0.7)
90 (4.51)

6.3 (1.64
3.5 (1.3)
44 (14.5)

8.32 (0.38)
7.83(0.42
5.8 (2.95)

There were no clear differentiations occurred f@®in the constructed wetland

through the experiment period except a decreasemoval efficiency of DOC in

the system fed with anaerobically pretreated gratew
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Figure 4.7 Influent and effluent DOC concentrations in a ¢onged wetland

treating anaerobically pretreated wastewater iMakra'a, Ramallah/Palestine

The zero labels in all figures stand for the fitay of operation (15/March/2011).
The average DOC concentration in the influent w&9 30.7), 4.38 (0.76) and
5.26 (0.61) mg/l for Al-Mazra'a, Al-Bireh and Biizevaters, respectively. DOC
effluent concentrations were almost stable aroudd 28 and 3.6 mg/l for Al-
Mazra'a, Al-Bireh and Birzeit waters, respectivélfis indicates that this portion

is apparently non biodegradable.
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Figure 4.8Influent and effluent DOC concentrations in a ¢onged wetland
treating tertiary treated municipal wastewaternreatended aeration wastewater

treatment plant, Al-Bireh city/Palestine
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All systems removed on average less than half oCD®ith mean percentage
removals of 31.8%, 34.4% and 30.8% for Al-Mazrafd;Bireh and Birzeit,
respectively (Table 4.1 and Figures (4.3,4,5). ghkr removal rate of 72% was
achieved in a HSSFCW fed with municipal wastewatst filled with sandy soil

(Chunget al., 2008).
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Figure 49 Influent and effluent DOC concentrations in a ¢onged wetland
treating secondary treated wastewater in Birzeivéhsity treatment plant,

Ramallah/Palestine

About 35% of DOC influent concentrations were reeohvn the constructed
wetlands. This indicates that organic matter waeffitiently removed. Although
DOC cannot be directly taken up by plants, the gmres of plants can degrade
DOC into inorganic carbon for plant uptake. Shaatal. (2000) found that the
main mechanism of reducing DOC is in the activitymacroorganisms in gravel.
The presence of plants provides a huge surface aardamedium for attached
microbial growth, and therefore the planted treati®iecould remove a larger
guantity of DOC. In addition, wetlands with shorteydraulic retention times

would reduce leaching of DOC from plant material.
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Biochemical Oxygen Demand (BOD)

BOD undergoes aerobic/ anaerobic decompositiorhén donstructed wetlands
depending on the oxygen status at the depositiomt (gipat et al., 2008). As
presented in Fig. 4.10, a stable period for BODaeath started after about 135
days from operation. After these days, BOD was owed from 21.2 to 8.11 mg/I

during (23/August/2011-11/October/2011) for Al-Maz water.
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Figure 4.10 Influent and effluent BOD concentrations in a damsted wetland

treating anaerobically pretreated wastewater iMAkra'a, Ramallah/Palestine

For the system fed with Al-Bireh secondary treatedtewater and after a period
of 102 days, average BOD value in the influent Wdsmg/l and in effluent was 6
mg/l over the period (21/July/2011-11/October/201The results presented in

Fig. 4.5 reveals that the BOD concentration waggmatly improved.
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Figure 411 Influent and effluent BOD concentrations in a damsted wetland
treating tertiary treated municipal wastewaternreatended aeration wastewater

treatment plant, Al-Bireh city/Palestine

After 87 days from operation for Birzeit waters,eeage BOD value in the
effluent was 7.63 mg/l during (6/July/2011-11/Oa0B011). The average
influent concentration during the same period w&s61mg/l. The results
presented in Figures 4.11 and 4.12 reveal thatdhstructed wetland noticeably
improved the effluent quality in terms of BOD footh systems fed with grey

water and secondary treated wastewater.
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Figure 412 Influent and effluent BOD concentrations in a dansted wetland
treating secondary treated wastewater in Birzeivélsity treatment plant,

Ramallah/Palestine

The BOD removal efficiency obtained from experimestre 43, 19 and 47% for
Al-Mazra’a, Al-Bireh and Birzeit waters, respeciie are lower than that
reported by Zurita et al. (2009) who found a 78 B@D removal for a HSSFCW
planted with one species (Zantedeschia aethiopieajing domestic wastewater
and a higher removal of 81.5% for the same systiamtgd with three different
species. These results were referred to the eftedistribution of roots which can
be achieved when three species are used in addititve increased opportunity
of creating a great diversity of microbial commigst BOD removal efficiency
for a HSSFCW fed with grey water was in the ran§€7@-79) % as found by
(Niyonizima, 2007) with 250 and 71mg/l influent aeffluent concentrations,
respectively. A BOD removal efficiency of 85.4% washieved in HSSFCW
filled with gravel (Ghrabkt al., 2011). In addition, BOD removal rate of 65.7%
was reported by Vipat et al. (2008) with 46.7 a®dbImg/l influent and effluent

BOD concentrations, respectively.
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Depending on the above results, the rate conskB®D) for the three influent
wastewaters were calculated, Table 4.2. The catildBOD for both Al-Mazr'a
and Birzeit influents cope with the assumed KBOD1{@n/d). For Al-Bireh
influent, average calculated KBOD was equal to 0r38@ which differs from the

assumption.

Table 4.3Calculated rate constant (KBOD) for the three stigmted wastewaters

Investigated Al-Mazra Al-Bireh water Birzeit water
wastewater water
KBOD (m/d) 0.1 (0.07) 0.03 (0.02) 0.1 (0.03)

In this experiment, KBOD was assumed 0.11 m/d. @&opresented the average
calculated KBOD for three investigated wastewatefbiese values were
calculated depending on measured concentratiomeinfland effluent BOD using

the following equation:

Ah = Qd(InCin — InCout)/KBOD
Where:
Ay surface area of the constructed wetland
Cin is influent BOD concentration

Cout is effluent COD concentration.

Chemical Oxygen Demand (COD)

COD removal efficiencies were 36% for Al-Mazra'ateraand 27% for Al-Bireh
water and 35% for Birzeit water during the steadstes period which is

considered after 100 days of operation. Higher G@fmoval rates were achieved
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for horizontal flow wetlands such as 42.7% (Ghmtlal., 2011), 71.8% (Avsaat
al., 2007) and 72-79% for a wetland treating greyewdNiyonizima, 2007),
93.6% for a wetland treating dairy and agricultunastewater (Pucogt al.,
1998), 77.8% for a wetland treating domestic waatew(Vipatet al., 2008) ,
76% (Zurita et al., 2009) and 90-94% removal rate in upflow congedc
wetlands (Onget al., 2010). In up-flow systems, COD concentration peied
drastically at the aeration points where the aeratmnditions facilitated the
growth of aerobic microbes and boosted the degmdaf organic matters (Ong
etal., 2010).
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Figure 4.13Influent and effluent COD concentrations in a cansted
wetland treating anaerobically pretreated wastewatal-Mazra'a,

Ramallah/Palestine

The results presented in Fig 4.13, the construstetithnd fed with anaerobically
pre-treated grey water have a stable removal of G&@&r 95 days of operation.
The plant growth and the period at which the pasched maximum growth

explain this stable removal of COD.
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Figure 4.14Influent and effluent COD concentrations in a ¢orted wetland
treating tertiary treated municipal wastewaterrireatended aeration wastewater

treatment plant, Al-Bireh city/Palestine
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Figure 4.15Influent and effluent COD concentrations in a ¢onged wetland
treating secondary treated wastewater in Birzeivélsity treatment plant,

Ramallah/Palestine

BOD and COD associated with settelable solids irstewater is removed by
sedimentation while that in colloidal and solubbenfi is removed as a metabolic
activity of microorganisms and physical and chemingeractions with the root

zone/substrate (Vipat al., 2008).
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Removal of nitrogen
a) Ammonium Nitrogen (NH4-N)

As can be seen from Figures (4.16, 4.17 and 4ri@®pgen removal efficiency is
high. This shows the ability of nitrogen uptakethg plants as Limt al. (2001)
concluded that plant uptake could account for thas 10% of nitrogen removal
in a HSSFCW treating landfill leachate. Also, Maytd Bigambo (2005) reported
that HSSECW achieve a total nitrogen removal o®%8.Moreover, they found
that significant nitrogen transformation was obsdrthrough denitrification and
nitrification in addition to plants which has a tdloution in nitrogen removal.
However, nitrogen removal through plant uptake meguharvesting from the
wetlands. The main nitrogen removal process in hiwogen loads is plant

uptake, yet in high loads, different physical ahdroical processes take place.

The average pH in the influent wastewater was §219), 8.3 (0.31) and 8.32
(0.38), showing that ammonium was abundant in thatp as NH which is the

favorable form of nitrogen uptake by the plants.

83



Ripening period Steadystate period

;

i : £

1m0 4 influent =l affluent

83 -

iﬁ i

T

=

4 -

2 -

0

i 50 100 150 200
Time {days)

Figure 4.16Influent and effluent ammonia concentrations iroastructed
wetland treating anaerobically pretreated wastewatal-Mazra'a,
Ramallah/Palestine

The average NHN influent concentrations were 6.78 (1.38), 3 Jland 6.04
(1.48) mg/l for AL-Mazra'a, AL —-Bireh and Birzeit aters, respectively.
However, there was no clear difference in the reahfficiencies detected

between the three types of water influents.

It is clear that ammonia was almost removed frontypkes of investigated waters
due to plant growth. Also, the results reveal thhly effluent reached stable low
level of concentration after 66, 34 and 44 days AbMazra'a, Al-Bireh and

Birzeit wastewaters, respectively.
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Figure 4.17Influent and effluent ammonia concentrations iroastructed
wetland treating tertiary treated municipal wastewva an extended aeration

wastewater treatment plant, Al-Bireh city/Palestine

The average ammonia-N removal efficiencies were 93%), 87% (8.45) and
96% (1.2) for Al-Mazra'a, Al-Bireh and Birzeit wase respectively over the
project period. In this context, results revealtthfier about two months of
operation, average ammonia removal rates was 94ar&8896% for al-Mazra’'a,
Al-Bireh and Birzeit wastewaters. Although the NHemovals were quiet low
during the first month of monitoring period. Theeaage removals throughout the
study were higher than the reported as averagesatuother countries, such as,
ammonia removal rate (63.8%) was recorded by Agsal. (2007), 55% (Pucci
et al.,, 1998) and 53.3% (Vipadt al., 2008). On the other hand, high removal
efficiency was recorded by Chuegal. (2008) with 95%. In addition, Zuritt al.
(2009) reported a relatively low nitrate removaHRCWSs and referred that to the
good nitrification, the nitrate removed by denitd@tion was immediately
substituted by nitrate produced by nitrificatiorang et al. (2001) had observed a

relatively good amount of removal of NH up to about 50% on average in a
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constructed wetland. Also, by the end of his expernit results showed that

removal efficiency was increased up to 80%.
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Figure 4.18Influent and effluent ammonia concentrations iroastructed
wetland treating secondary treated wastewaterrzeBiUniversity treatment

plant, Ramallah/Palestine

It is clear that N#N removal efficiency in the three systems operatgtih

different waters consistently achieved near-conephth removal.

It is expected that the total nitrogen removal obese in this study is the result of
these main processes: plant uptake, sediment storfgg) production via
nitrification and incomplete denitrification (Landret al., 2009). Also, they
concluded that, artificial aeration strongly infheed and increased nitrogen
removal up to 11%. In this context, Oegal. (2010) concluded that nitrogen
removal in constructed wetlands thought to occuintpadue a pathway of
ammonification followed by coupled nitrification drmlenitrification. Vipatet al.
(2008) also suggested that nitrogen removal taleghrough several processes

via plant uptake, ionic exchange, ammonia volatilan, nitrification and
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denitrification. In this field, NH is removed through adsorption on the substrate

but once the available attachment sites were gatlithe process will be revised

and more endurable process such as nitrificatiah@ant uptake become more

important (Zuriteet al., 2009).

Table 4.4Average influent and effluent concentrations (vatandard deviation)
in mg/l of NH-N, NOs-N and PQ-P over the project period (1/May/2011-

11/0ct/2011).
Influent Al-Mazra'a Water Al-Bireh Water Birzeit Water
wastewater
Parameter Influent effluent Influent effluent Influent effluent
NH,-N 7.06(1.33) 1.66(1.92) | 3.33(1.73) | 0.62(0.79) | 6.23(1.47)| 1.09(1.7)
14.65 11.7 (3.45) 2.08
NOs-N 11.86 (3.14 2.74(1.44 3.02 (2.97
8 .14 (1.44) (4.15) .97 (1.78)
PO,-P 4.55(2.02) 2.22(1.09) | 6.22(1.63) | 3.26(1.69) 6.88(1.8) | 3.39(1.13)

*All units are in mg/I

Table 4.5Percentages of nutrient removal efficiencies (¥dhoée constructed
wetlands during the project period (1/May/2011-1ct/@011).

Parameter Al-Mazra'a water Al-Bireh water Birzeit water
NH,-N 77(25) 83(14.5) 84(23.2)
NOs-N 75(15.4) 79(18.1) 81(17)
PO,-P 50(16.1) 47(24.2) 49(14.7)

* # of samples = 30

* All units in mg/l

* The numbers between betslstand for standard deviation
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b) Nitrate Nitrogen (NOs-N)
Positive removal efficiencies of nitrate were agbi in all waters, indicating a

decrease of nitrate concentration in the effluéiite average influent nitrate
concentrations in the three types of investigatedeve were very close of 13.3
(3.2), 14.7 (4.8) and 13 (4.1) mg/l for Al-Mazraf;Bireh and Birzeit waters
respectively. A high concentration (20.82, 26.6 &0d91 mg/l) of nitrate was
detected in the influent when compared with the lwate (1.7, 0.72 and 1.7
mg/l) concentration in the effluent. Less fluctoatiwvas detected towards the end
of experiment, with a high nitrate removal in thetlands after day-121, 102 and

80 for Al-Mazra'a, Al-Bireh and Birzeit waters, pestively.
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Figure 4.19Influent and effluent nitrate concentrations inoastructed wetland

treating anaerobically pretreated wastewater iMakra'a, Ramallah/Palestine

Nitrate concentration in the anaerobically pretedagrey water was unexpectedly
high. This is attributed to the low organic contehthe influent raw grey water,

as also suggested by the rather low BOD effluenterd of the septic tank.
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Figure 4.20Influent and effluent nitrate concentrations inoastructed wetland
treating tertiary treated municipal wastewaternreatended aeration wastewater

treatment plant, Al-Bireh city/Palestine

The effluent NO3-N concentration for the constrdcieetland fed with Al-Bireh
water after around 100 days of operation was stedgjardless of the influent
fluctuations. Nitrate was removed efficiently frath investigated wastewaters as

the nitrate was detected in low levels; same resa#f reported by Mantovi et al.

(2003).
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Figure 4.21Influent and effluent nitrate concentrations inoastructed wetland
treating secondary treated wastewater in Birzeivéhsity treatment plant,

Ramallah/Palestine
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Low concentrations of NQwere observed throughout the experimental period
because of plant uptake and denitrification (Yangle 2001). This means that —
under this configuration — ammonification and fitdation proceeded
simultaneously, since the operation period includesnmer months (higher
temperatures) which favor these two processes.eXganation is also supported
by the low effluent concentration of nitrate aféeperiod of 120, 60 and 50 days
for AL-Mazra'a, Al-Bireh and Birzeit, respectivelyt this point, it has to be
mentioned that most of effluent nitrate concentrati measured during the

May/2011 were lower than the limit of detection.

Mayo and Bigambo (2005) reported that the majonyays leading to permanent
removal of nitrogen in HSSFCW system are denitaifizn (29.9%), plant uptake
(10.2%) and net sedimentation (8.2%). The averag®val rates for nitrate were
84, 92 and 90 for Al-Mazra'a, Al-Bireh and Birzeitaters, respectively. The
overall removals were higher than those found heotuthors for example, a
removal rates of 40%, 62% and 49.3% were recorgdelioci et al. (1998), Vipat

et al. (2008) and Zurita et al. (2009).

Total kjheldahl nitrogen (TKN)

High concentrations in TKN were detected in thelu@ht throughout the
experimental period; the average influent concéiotmawas 29.11, 18.5 and
27.1mg/L for Al-mazr'a, Al-Bireh and Birzeit watengespectively. However, the
average concentration for TKN in the effluent w&s4] 12.1 and 13.7 mg/l for

Al-Mazra'a, Al-Bireh and Birzeit waters, respectiveThe removal efficiencies
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for the three water sources were 53.4, 35.2 areP46in the constructed wetlands
that was fed with Birzeit water, the removal effioties increased after day-102
but decrease of TKN removal was observed in théesys fed with Al-Bireh

water. Within the experimental period, fluctuatias detected in the removal of

TKN.
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Figure 4.22Influent and effluent TKN concentrations in a consted wetland

treating anaerobically pretreated wastewater iMakra'a, Ramallah/Palestine

TKN removal efficiency for the system fed with AleMdra’a water was 53%
which cope with that obtained by Chung et al. (908862% removal. Also, it is
obvious that nitrogen removal was not only duertorenia removal but also due
to organic nitrogen removal. Plandom et al. (20@@)cluded that TKN removal
was very high in HSSFCW when a low organic loadised. A removal rate of

8.9% was recorded by Vipet et al. (2008).
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Figure 4.23Influent and effluent TKN concentrations in a doasted wetland
treating tertiary treated municipal wastewaternreatended aeration wastewater

treatment plant, Al-Bireh city/Palestine

The rapid decrease of TKN in the effluent indicatieel degradation of organic N
through ammonification. The average pH in bothuefit and effluent was within
(8.14 - 7.6), (8.31 - 7.76) and (8.23- 7.83) forMdzra’'a, Al-Bireh and Birzeit
wastewaters, respectively, which lay between theimgp pH ranges for
ammonification. Ammonification was then followed Mytrification, so NH
concentration did not increase in the effluent. Togresence of plants could
significantly reduce Ni Fraser et al. (2004) showed that plants couldiged
total nitrogen to significantly lower levels thamplanted treatments. As he
included that the high removal rate of Nih planted treatments showed that

nitrification was very active.
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Figure 4.24Influent and effluent TKN concentrations in a consted wetland
treating secondary treated wastewater in Birzeivélsity treatment plant,

Ramallah/Palestine
Organic nitrogen
Moreover, the organic nitrogen effluent concentrativas similar for all systems

as also was its gradual removal. Table 10 presahtedalculated concentrations

of organic nitrogen influent and effluent throudpie foroject period.

Table 4.6 Average organic nitrogen concentration for the¢hwetlands after 91
days of operation during the period of (15/Junel2(1/Oct/2011)

Unit Al-Mazra'a Al-Bireh Birzeit
Influent mg/| 22.3 (7.06 15.6(4.6 21 (9.6
Effluent mg/l 13 (4 11.5 (4.2 13.5 (4.4
Removal % 38.7 (20) 27.8 (14.2) 18.7 (60.3)
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Figure 4.25Influent and effluent organic nitrogen concentas in a constructed

wetland treating anaerobically pretreated wastewatal-Mazra'a,

Ramallah/Palestine

Increase of organic nitrogen in the effluent wateded; negative values were
obtained for the removal efficiency in both systdatgwith Al-mazr'a and Birzeit

waters during the last weeks of the experiment. &lerage influent and effluent
concentration of organic nitrogen were (22.3, 185.6, 11.5) and (21.03, 13.4)

mg/l for Al-Mazra'a, Al-Bireh and Birzeit watersgpectively.
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Figure 4.26Influent and effluent organic nitrogen concentas in a constructed
wetland treating tertiary treated municipal wast@wan an extended aeration

wastewater treatment plant, Al-Bireh city/Palestine
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It is clear from Fig. 21 that organic nitrogen ist memoved efficiently almost
over the whole project period. On the other handova removal rates were
achieved for both systems fed with Al-Bireh andzBit wastewaters as presented

in Figures 4.21 and 4.22.

Organic nitrogen removals in this study were 39a88 19% for Al-Mazra’'a, Al-

Bireh and Birzeit waters, respectively. These tssagreed with those obtained
by Zurita et al. (2009) who reported removal efiities in the range (39-46) %.
However, they contrast with other study in whicle #uthor concluded that the

organic nitrogen removal efficiences was 100% (Vgteal., 2008).
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Figure 4.27Influent and effluent organic nitrogen concentrasi in a constructed
wetland treating secondary treated wastewaterrzeBiUniversity treatment

plant, Ramallah/Palestine

Phosphate (PQ-P)

Phosphorus concentrations were low in both inflseabd effluents- around
5mg/l- and varied little over time. Mean phosphorencentrations (P£P)

concentrations in the influent were 3.3 (1.2), 55%1.3) and 6.3 (1.64) mg/l for
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Al-Mazra’'a, Al-Bireh and Birzeit wastewaters, respeely. The systems
achieved a PP removal of 51% (18.3), 49% (18.8) and 44% (14d5)Al-
Mazra'a, Al-Bireh and Birzeit waters, respectivéihosphate is poorly removed
in constructed wetlands; Ghrabi et al. (2011) reggba 38% removal rate. In this
context, Vymazal (2009) concluded that the rema¥adhosphorous is steady but
low in horizontal subsurface flow constructed wedla. The results obtained in
this study for phosphorous removal are close to ¢héined by Mantovi et al.
(2003) who recorded a 60% removal. Although phosghaoncentrations in
effluent are less than the influent for all the re@uwaters, the system does not
remove the phosphorus effectively as other systemeh as that examined by
(Chung et al., 2008) with 72% R® removal and 89% removal reported by

(Sarafraz, 2009).

Regarding phosphorus retention, the performandbeotonstructed wetland unit
proved to be considerably enhanced during peri®@dSgp/2011-4/0Oct/2011) for
Al-Mazra'a water. For the system fed with Al-Birefater, the system reached the
maximum efficiency in (12/June- 6/July/2011). Al$n,12/June/2011 maximum
phosphate removal efficiency was reached in théesysed with Birzeit water.
Higher influent values were reached in the systedhvith Al-Bireh water during
the period (1/May/2011-2/August/2011). Figures §.2.29 and 4.30) show that
effluent phosphate concentration in the construgtetand fed with al-Mazra'a
wastewater is always lower in the last two monthhe experiment compared to

same period in the other two systems.
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Figure 4.28Influent and effluent phosphate concentrations @omstructed
wetland treating anaerobically pretreated wastewatal-Mazra'a,

Ramallah/Palestine

For Phosphorous removal, contact time may play pmmale in the distribution
within a constructed wetland. Presence of plarfectfely removes PObecause
it is readily available for plant uptake. It hasehesuggested that vegetation,
detritus, fauna and microorganisms are an imposgark for phosphorous in the
short term but substrate is the main sink for Phospus in the long term. In
longer term, the removal of phosphorous will be rdased in the planted
treatment due to the saturation of Phosphorousrptiso in the substrate. It can

be assumed that phosphorus adsorption was the reraimval mechanism (Yang

etal., 2001).
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Figure 4.29Influent and effluent phosphate concentrations @omstructed
wetland treating tertiary treated municipal wastewva an extended aeration

wastewater treatment plant, Al-Bireh city/Palestine

Phosphorus removal was found to be at low leval$hé constructed wetland fed
with Birzeit secondary treated wastewater, phosphoemoval was the lowest as
of 44%. The maximum phosphorus removal was obtainethe constructed

wetland fed with Al-Mazra'a water as of 51%. A tgposphorous removal of
20% was recorded by Pucci et al. (1998) in a HSSHdting wastewaters

produced by an organic farming activity in Tuscany.
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Figure 4.30Influent and effluent phosphate concentrations @omstructed
wetland treating secondary treated wastewaterrzeRiUniversity treatment

plant, Ramallah/Palestine
Most wetland studies have shown that the soil cotm@Ent is the major long-
term Phosphorous storage pool. Removal of phosphargonstructed wetlands
is not temperature-dependent. Temperature has litfluence on Phosphorous
removal because the most important removal mecmsnisre chemical
precipitation and physico-chemical sorption, preessthat are not temperature-
dependent. Biological influences on Phosphorous ovat which are

temperature-dependent, are relatively unimportant.

Removal of Sulphate (SQ):

As can be noticed in Fig. 4.31, the reduction ilplsate content was low. That

reflects the aerobic conditions through the wetland

99



250 ~

200 -
= 150 -
Y
£
<
Q 100 -

50 -

== influent —i— effluent
O T T T T
0 50 100 150 200

Time (days)

Figure 4.31Influent and effluent sulphate concentrations @oastructed wetland

treating anaerobically pretreated wastewater iMAkra'a, Ramallah/Palestine
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Figure 4.32Influent and effluent sulphate concentrations aoastructed wetland
treating tertiary treated municipal wastewaterrnireatended aeration wastewater

treatment, Al-Bireh city/Palestine
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Figure 4.33Influent and effluent sulphate concentrations @oastructed wetland
treating secondary treated wastewater in Birzeivélsity treatment plant,
Ramallah/Palestine

Total Suspended Solids (TSS)

In general, TSS removal rates in all the systeraskrse to one another as 16.5%
(7.7), 21.9% (11.1) and 23.3% (9.4) as an averagéiMazra'a, Al-Bireh and
Birzeit water respectively. These results contvéih other studies, for example,
Zurita et al. (2009) reported that the TSS remof@$1SSFCW planted with one
species and fed with domestic wastewater was imahge of (80-84) % with 57
and 11 mg/l influents and effluent TSS concentretiolt is clear that total
suspended solids (TSS) were not reduced effectivellge constructed wetlands.
The constructed wetland fed with Birzeit water Basiaximum removal rate of
23.3%. Niyonizima (2007) reported TSS removal ratéhe range (34- 53) %.
Also, high removal efficiency of 92.9% was recordgdAvsar et al. (2007) and

79% removal of TSS (Vipa et al. (2008). Similar T&®noval of 79.2% was
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reported by Zurita et al. (2009). Also, 81% TSS ogai rate was recorded by

(Pucci et al., 1998).
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Figure 4.34Influent and effluent TSS concentrations in a carcsed wetland

treating anaerobically pretreated wastewater iMakra'a, Ramallah/Palestine
As presented in Figures (4.29, 4.30 and 4.31),Ihamly TSS has been removed.
This result will have an adverse effect on the opputy of the effluent reuse as it
will cause a problem if used in agriculture thag¢ akip irrigation technology. So
that, it is clear that physical removal step of TiS8eeded to assure the required

low TSS concentrations.
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Figure 4.35Influent and effluent TSS concentrations in a tamsed wetland
treating tertiary treated municipal wastewaterrireatended aeration wastewater

treatment plant, Al-Bireh City/Palestine

As can be seen from Figures 33, 34 and 35, TSShwiaseduced effectively and
the removal rate is lower in comparison to othdtution parameters. Variation
between influent and effluent concentrations of TS&ther low and unchanged
during most of the experiment. With regard to thedr TSS removal efficiencies
reported, they were probably as a result of th8-{19) cm diameter substrate
which induced the rapid seepage of the wastewhteugh the wetland reducing

the retention of TSS as suggested by Zurita ¢2a09).
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Figure 4.36Influent and effluent TSS concentrations in a carcsed wetland
treating secondary treated wastewater in Birzeivéhsity treatment plant,

Ramallah City/ Palestine

Suspended solids are mainly removed by physicalcgsses such as
sedimentation and filtration followed by aerobic @naerobic microbial
degradation in the substrate. TSS is removed byamdd due to the filtering
action of the bed media. Filtration occurs by intmacof particles onto the roots
and stems of the phragmites or onto the graveigiestin the constructed wetland

systems ( Zurita et al., 2009).

Total Dissolved Solids (TDS)

There was an increase in TDS concentrations anébE@Il water sources. Total
dissolved solids (TDS) were increased due to miizatéon process. The plants
degrade and produce TDS at the same time, thensyst®oves TDS but the first
process is dominated and causes the increase in &aBSwell as EC

concentrations.
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Figure 4.37Influent and effluent TDS concentrations in a ¢orgted wetland
treating anaerobically pretreated wastewater iMakra'a, Ramallah City/

Palestine

TDS content was almost stable; the influent comre¢ions are very close to the

effluent concentration.
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Figure 4.38Influent and effluent TDS concentrations in a ¢onged wetland
treating tertiary treated municipal wastewaternreatended aeration wastewater
treatment plant, Al-Bireh City/Palestine
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A TDS removal rate of 91.2% was obtained by Vigadle(2008).
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Figure 4.39Influent and effluent TDS concentrations in a ¢orted wetland
treating secondary treated wastewater in Birzeivéhsity treatment plant,
Ramallah/Palestine

4.2.3 Biological parameter

Influent and effluent fecal coliform concentraticare presented in Table 4.7.

Table 4.7 Average fecal coliform concentrations for the uiefht and effluent in
(cfu/100ml)of the three constructed wetland dutimg period (15/June/2011-

11/0ct/2011)
Unit Al-Mazra'a water Al-Bireh water Birzeit Water
Influent CFU/100ml 4.4E+09 (8.68E+09) 1.6E+08 (4.29E+08) 9.3E+09 (1.8E+10)
Effluent CFU/100m 1.2E+08(1.69E+08 5.7E+07 (1.75E+0¢ 2.6E+08 (6.16E+0¢
Remova % 14 (6.52 16 (9.8 16.6 (6.1

* Fecal coliform removal efficiencies were calceldtusing log 10

It can be noticed that this stable removal didppls perfectly to the system fed
with tertiary treated wastewater. The total numbércoliform bacteria was
reduced by more than 99% as Mantovi et al. (20@8pnded. Fecal coliform

removal in the range of (72-79) % was recorded byohzima (2007). Also, a
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99.7% removal was recorded (Pucci et al., 1998yewmoval rate of coliform

bacteria of 98.7% was recorded by Viapt et al. 800

Table 4.8 The estimated uptake capacity in Kg/ha/year af ir¢he constructed

wetland
Water parameter
SOUrC€ ' pposphate | Nitrogen | BOD
Al- 85¢ 12791 4752
Mazra'a
Al-Bireh 1418 9349 770
Birzeit 1423 11815 | 3889

The uptake capacity presented in Table was caullaising the following

equation:

. d in —
uptake capacity = M

Where:

Q: flow rate in L/day

Cin and Gt influent and effluent concentrations in mg/I
A: surface area of the constructed wetland

Discussion

Three horizontal subsurface flow constructed wektawere constructed outdoor
in the campus of Birzeit University, Palestine. ¥heere planted with reed and
filled with gravel. In midsummer (Julyyeed biomass reached maximum growth.
In this study, the HRT was 1.3 days which was sigfit enough for plants to

filter and nutrients uptake in the wastewater. $ytem was artificially aerated in
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order to enhance nitrogen removal efficiency (lgnelral. 2009). The difference
in the results of this study may not agree witheothuthors’ findings due to the

difference in experimental setup, substrate, aadtpecies.

Reed (phragmites Australis) has been shown to \sirand perform well in
treating the three investigated wastewaters whilevel material provides a

suitable plant growth medium in constructed wettand

The constructed wetland has a depth of filtratied bf 0.4 m in order to allow
roots of wetland plants (phragmites Austrailis)penetrate the whole bed and
ensure oxygenation of the bed through oxygen rel&asn roots. In this context,
roots and rhizomes of reed and other wetland plargshollow and contain air
filled channels that are connected to the atmospher the purpose of
transporting oxygen to the root system. As thes@oé not completely gas tight,
some oxygen is lost to the rhizosphere. Howevenynsudies have shown that
the oxygen release from the roots of different fdaa far less than the amount
needed for aerobic degradation of the oxygen comgumsubstances delivered
with wastewater. As a result, organic compoundagraded aerobically as well
as anaerobically by bacteria attached to plantsr@id rhizomes and media

surface.

The constructed wetland showed a good potentiathierreduction of ammonia
and nitrate. Also, the constructed wetland wa<ieffit in terms of total nitrogen
removal and achieved the Palestinian requiremenmtsiding treated effluent for

recharging the aquifers. The characteristics of ritedia type selected in this
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system (gravel) were inferred to be a factor causinch high removal of
phosphorous by adsorption. The constructed wetlameee operated in the
summer season. Landry et al. (2009) found that semrand fall removals were
generally higher than the winter removal. The tresit in the constructed
wetlands has shown tolerance to different influeobcentration (Puccgt al.,

1998).

Hence the algal activity is negligible, pH valuesrbt increase. In TSGmoval,
constructed wetlands did not give the best realitipugh it has a good reduction
efficiency level for COD and NHN. Effluent concentrations of COD and NH
also have positive results in constructed wetlahl4, concentration in effluent
also decreased significantly, from Figures 4.1&74and 4.18 it is obvious that
the effluent concentration of NHlecreased and was almost stable. Also, the
removal efficiencies for N©and NH, in the constructed wetlands were generally
on the high end of the ranges reported in considuetetlands for domestic
wastewater. Removal of Ammonia (MHwas the most effective in the
constructed wetlands when compared to PhosphorodsD®OC. The average
removal efficiencies in NHN were 77, 83 and 84%, and TKN were 53, 35 and
50%, PQ-P were 50, 47 and 49%, DOC were 32, 34 and 31%lftMazra'a, Al-
Bireh and Birzeit waters, respectively. It is segigd that nitrogen retention in
constructed wetlands is thought to occur mainlyaa®sult of ammonification
where dissolved organic converted to ammonia,Néllowed by nitrification and
denitrification (Landry et al., 2009). In generaitrification which is performed

by strictly aerobic bacteria is mostly restricted dreas adjacent to roots and
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rhizomes where oxygen leaks to the filtration me@ia the other hand, prevailing
anoxic and anaerobic conditions offer suitable damts for denitrification but
the supply of nitrate is limited as the major pamtiof nitrogen in sewage is in the
form of ammonia. Also, mineralization of organictragen (ammonification)
which precedes both under aerobic and anaerobiditcams, actually add
ammonia to the system. Volatilization, adsorptiad glant uptake play much less
important role in nitrogen removal in HSSFCW. Vaiaation is limited by the
fact that the HSSFCW do not have a free water searfén this research, it is
expected that plant uptake is the main removal mr@iem. Depending on the
obtained results, there is almost no value addeddimg constructed wetland as a
polishing step for Al-Bireh tertiary treated wastger. That's due to the already

low concentration of this effluent.

Table 4.9Wastewater characteristic for constructed wetlaftisents and
specifications for treated water for reuse

parameterp Constructed wetland effluents| Wastewater characteristics
for reuse Wastewater
Al- Al-Bireh | Birzeit | Class| Class| Class| Class czara};:ter]:sncs
Mazra'a | water water A B C D quiter for
water recharge
BODES 11.1 5.73 8.5¢ 20 20 40 60
COD 34.1% 24.2 31.1 50 5C 10C | 15C 150
NO3-N 2.74 3.02 2.08 20 20 30 40 15
NH4-N 1.7 0.63 1.09 5 5 10 15 10
TN 16.1 15.1 15.€ 30 3C 45 60
TSS 80.2 26.05 32.44 30 30 50 90
FC 1.2x1078| 5.7x1077| 2.6x10"8| 200 | 1000 | 1000 | 1000

References: Palestinian specification No. 34-201PRalestinian Specification 742-2003.
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Despite the fact that Al-Bireh treatment plant'iueint is well treated but
there still a need to protect the harmful effecttbe environment. In other
words, constructed wetlands can be used as a disppson for that water.
From the table above, the results reveal that ooctsd wetland effluents
achieve most of class A requirements expect TSS facdl coliform
requirements. In this case, the constructed wetkard be followed with a
sand filter.

The systems operated with Al-Mazra'a and Birzeistewaters showed a
higher removal rates for COD than that obtainedAieBireh. Similar results
were found for BOD and TKN.

The DOC and PP removal rates for all waters were similar toheather.
Removal rate of 32, 34 and 31% for DOC and 50,V 49 % for PO4-P.

For ammonia and nitrate, the constructed wetlamieaed high removal rates
for all waters. The average removal rates forMHwvere 77, 83 and 84% and
for NOs-N were 75, 79 and 81% for Al-Mazra'a, Al-Bireh aBiizeit waters,
respectively.

The constructed wetland showed a low removal fog 8@ TSS with S©
removal rates of 15.2, 15.5 and 18.8% and 16.4, 2dd 23.3% removals for
TSS.

Also, the constructed wetland achieved poor reselgarding fecal coliform

removal.
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Chapter five

Conclusions and recommendations

5.1 Conclusions

The pollutant removal rates in the constructed anets were positive for all
the pollutants, except TDS, EC. The removal efficies in all wetlands were
generally on the high end of the ranges reportecbimstructed wetlands for
domestic wastewater and grey water.
The constructed wetland was efficient for totalrogen removal with
removals efficiencies of 64, 57 and 65.5% for Alavida, Al-Bireh and
Birzeit waters, respectively.
Sulphate wasn’t removed in the constructed wetkamdchieved 15, 15.5 and
18.8% removal efficiencies for Al-Mazra'a, Al-Bireand Birzeit waters,
respectively.

The results reveal that that constructed wetlaridiesfts achieve most of
class A requirements expect TSS and fecal colifiemquirements for reuse in

irrigations or to recharge the aquifer.

The results of the water analyses performed oimthesnt and the effluents of the

system are:

The removal rates for COD were 34, 29 and 32% arame for the Al-
Maza'a, Al-Bireh and Birzeit waters, respectivellowever, percentage
reduction for COD was generally lower than some aesh percentages

reported in the literature.
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The average BOD removal efficiencies were highllir@nstructed wetlands.
The removal efficiencies observed in the wetlandsevs fall within the range
of results found in the literature. For the HFCWse BOD removals are
slightly lower than the average value of 85% BODnogal for different
countries reported by other authors.

Organic matter and nitrogen removal rates improvsignificantly.
Ammonium reduction was observed at high levels dbbrthe constructed
wetlands. The maximum ammonium reduction was oleseas 84% in the
system fed in Birzeit water.

The presented results indicated that nitrificatgomd denitrification remained
high in constructed wetlands with shallow depthd aimerefore ammonium
and nitrate is effectively removed in the wastewaiée role of plants could
promote the removal efficiency of nitrogen and pgi@sous in the
constructed wetlands.

The final concentration of nitrate was not sensitio nitrification because the
NH,4 concentration was lower than the NEncentration in the inflow. The
development of anoxic zones in the HSSFCWs aloeg fterformance was
probably due to the high porosity of the rocks whiaused the retention of a
bigger amount of water inside their porous; in thiay it was not possible for
the rocks to get completely dry as the performatbanced.

Phosphorus removal also was found in low levels.tHa three waters,

phosphorus removals were the highest as 50% iramefled with Al-Mazr'a
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water. In phosphorus removal, wetland fed with AdeB water did not give
the best result;

In contrast to the results obtained for BOD and COBS removal was not
high. In constructed wetlands, TSS are removed Ipnain physical processes
such as sedimentation and filtration followed byrobé& or anaerobic
microbial degradation inside the substrate. Thesegsses are achieved when
the wastewater passes through the system at a ddocity because of the
presence of vegetation and the substrate.

The VFCWs were more effective at reducing totalfooh than the HFCWs.
Such results agree with those reported by Vacaa. g2005) who found a
higher reduction of total coliform in VFCWSs. The imaifference between
the two types of wetlands was the higher oxygerceotration in the VFCW,
as well as a slightly higher temperature. Differamtrks have demonstrated
that anaerobic conditions prolong the survival ofiforms in constructed
wetlands and in contrast, aerobic conditions, sashthose predominant in
VFCWs, are unfavorable for them conducting to enbigemoval efficiencies

(Vymazal, 2005).

Recommendations

Further research is required on the subject, imetudhe study of these
treatment systems under a controlled environmedttha evaluation of the
performance during longer period of time.

As the research into artificial aeration treatmémt CWs is very new,

economic and energy analysis are lacking and sHmuildvestigated
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* Further research is required on the subject, imetudhe study of these
treatment systems under a controlled environmedttha evaluation of the

performance during longer period of time.
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Annexes

Annex A:Influent and effluent concentrations, remlsvefficiencies and rate
constant

Table 1 DOC removal efficiencies (%) of the three condtedovetlands during
the period (15/July/2011- 11/Oct/2011)

# of day: | Al-Mazr'a Al-Bireh Birzeit
water water water
91 34 38 34
98 33 39 37
10¢ 27 36 35
112 31 38 33
120 34 33 33
127 35 36 36
134 35 33 31
13¢ 27 31 28
146 39 36 23
153 37 39 28
16C 34 3C 33
167 23 36 26
174 37 28 30
181 38 34 23
188 31 38 32
19t 35 29 31
202 15 36 34
209 30 34 31
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Table 2 Calculated rate constant (KBOD) for the three watiuents

# of

Al-Mazr'a water

Al-Bireh water

Birzeit water

bate | jays Bicr)]D BO?J? «Bop | BODIN | BODout| | BODIn | BODout| o
(ma/l) | (man (mg/l) | (mg/l) (mg/l) | (mg/l)

15/6/2011| 66 | 22.25| 13.54 | 0.07 | 4.88 4.13 0.03 | 17.62 | 10.65 | 0.08
22/06/2011) 73 | 15.6 | 11.85 | 0.04 | 5.75 4.86 0.03 | 1582 | 1238 0.03
29/06/2011) 80 | 15.12| 9.75 | 0.07 | 6.36 5.34 0.03 | 22.2 | 16.42 | 0.05
06/07/2011 87 | 13.46| 15.74 | -0.02 | 6.58 5.81 0.02 | 17.31 | 8.53 0.11
14/07/2011] 95 | 22.53| 16.3 | 0.05 | 6.72 5.2 0.04 | 1344 | 6.12 0.12
21/07/2011) 102 | 115 | 8.62 0.04 | 5.61 5.06 0.02 | 1486 | 8.46 0.08
28/07/2011 109 | 15.35| 4.28 | 0.19 | 7.62 7.14 0.01 | 15.9 7.21 0.12
02/08/2011 114 | 22.86| 16.73 | 0.05 | 6.43 5.48 0.02 | 20.2 9.7 0.11
09/08/2011 121 | 28.4 | 22.75 | 0.03 | 7.68 5.72 0.04 | 16.52 4.8 0.19
16/08/2011] 128 | 29.37| 15.32 | 0.10 | 10.4 5.87 0.09 | 1791 | 8.04 0.12
23/08/2011 135 | 15.94| 7.61 0.11 | 9.67 6.28 0.06 | 15.82 | 9.43 0.08
30/08/2011 142 | 26.25| 8.22 0.17 6.1 5.73 0.01 | 1534 | 8.5 0.09
06/09/2011 149 | 20.7 5.4 0.20 | 6.92 6.24 0.02 | 16.22 | 9.47 0.08
13/09/2011] 156 | 22.69| 7.72 0.16 | 8.52 6.15 0.05 | 13.6 7.48 0.09
20/09/2011 163 | 21.9 4.8 0.23 | 553 5.04 0.01 | 14.08 | 5.46 0.14
27/09/2011) 170 | 16.82| 13.4 | 0.03 8.4 7.16 0.02 | 13.12 | 6.83 0.10
04/10/2011 177 | 23.46| 8.62 0.15 | 7.61 5.4 0.05 | 14.88 6.7 0.12
11/10/2011] 184 | 21.75| 9.13 | 0.13 | 8.62 6.57 0.04 | 15.2 7.7 0.10
Average KBOD 0.10 0.03 0.10
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Table 3 Organic nitrogen concentration for the three cweséd wetlands after
91 days of operation during the period of (15/J20#1- 11/Oct/2011)

# of
days Al-Mazr'a Al-Bireh Birzeit
Influent | Effluent | Influent | Effluent | Influent | Effluent
91 2895 | 22.44 | 19.36 | 11.39 | 19.21 | 13.09
98 19.08 8.08 21.25 | 14.29 | 2496 | 12.32
10& 17.0¢ 9.5¢ 13.22 9.1 27.8¢ 22.5
11z 29.5¢ 10.61 10.87 9.52 22.2] 18.4¢
120 | 23.03 | 1355 | 14.42 | 10.83 | 32.05 21.4
127 | 15.84 8.39 17.82 | 14.25 | 19.87 11.6
134 28.6 15.62 | 17.25 | 13.73 | 29.78 | 14.02
139 | 27.88 | 11.66 | 16.85 12.8 12.34 8.48
146 | 27.71 | 14.97 | 23.15 | 20.55 | 15.62 9.54
15z 18.8¢ 13.5¢ 22.2 15.4¢ 8. 8.32
16C 19.12 15.27 14.5¢ 13.1¢ 27.8¢ 11.5¢
167 | 36.13 | 18.78 | 14.44 9.83 21.49 9.21
174 | 29.41 | 18.38 | 14.44 9.84 28.3 19.19
181 | 18.62 12.7 17.83 | 15.45 41.9 16.9
188 | 18.21 | 12.06 | 18.08 | 12.09 | 17.96 | 10.97
19& 7.2¢4 9.0¢ 7.4 5.04 17.2: 9.8t
20z 15.27 8.3¢ 8.9 6.37 7.22 14.3¢
20¢ | 21.4: 10.3¢ 9.2 2.€ 3.8¢ 10.6¢
*All units are in mg/I
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Table 4 Fecal coliform concentrations in both influent affluent in (cfu/200ml)

during the period (15/June/2011- 11/Oct/2011)

Date # of AL-Mazr'a water Al-Bireh water Birzeit water

days Influent Effluent Influent Effluent | Influent | Efflent
15/6/201. 91 2.0E+0¢ 2.0E+0° 3.0E+0¢ 2.5E+0¢t | 5.0E+0¢ | 2.5E+0"
22/06/2011 98 2.8E+08 5.5E+07 1.0E+07 | 3.0E+05 | 3.5E+09| 5.0E+08
29/06/2011) 105 3.0E+07 2.0E+07 1.0E+07 | 4.6E+06 | 6.0E+10| 1.6E+09
06/07/201. 112 3.0E+0¢ 5.2E+0° 5.0E+0¢ 4,0E+0: | 4.0E+0¢ | 1.2E+0"
14/07/201. 12C 2.0E+0¢ 3.0E+0¢ 5.2E+0" 1.0E+0¢ | 3.0E+0¢ | 4.0E+0"
21/07/2011 127 2.0E+08 3.5E+07 1.4E+07 | 1.5E+06 | 1.2E+08| 2.0E+06
28/07/2011 134 9.0E+08 4,2E+08 2.0E+07 | 2.3E+06 | 2.2E+10| 2.2E+09
02/08/201. 13¢ 3.0E+0¢ 2.4E+0° 5.0E+0¢ 4,0E+0¢ | 2.5E+0¢ | 3.0E+0"
09/08/201. 14¢€ 2.0E+1( 4 .5E+0¢ 1.8E+0¢ 1.0E+0! | 1.6E+0° | 3.2E+0¢
16/08/2011 153 4.0E+08 3.3E+06 3.4E+05 | 1.0E+04 | 5.2E+07| 1.0E+07
23/08/2011] 160 1.0E+10 2.0E+08 2.5E+08 | 3.0E+06 | 3.0E+07| 1.6E+06
30/08/201. 167 1.5E+0¢ 2.0E+0¢ 5.0E+0¢ 3.0E+0¢ | 2.0E+07 | 1.4E+0¢
06/09/201. 174 1.5E+1( 1.3E+0¢ 1.0E+0¢ 2.0E+0¢ | 2.0E+0¢ | 3.5E+0¢
13/09/2011] 181 3.0E+10 2.6E+08 1.8E+09 | 7.0E+08 | 5.0E+10| 6.0E+07
20/09/2011) 188 3.0E+08 4.,0E+06 5.0E+06 | 3.0E+05 | 5.0E+09| 3.0E+07
27/09/201. 19t 5.0E+0¢ 2.2E+0" 1.0E+0° 2.3E+0¢t | 2.0E+1( | 1.5E+0¢
04/10/201. 20z 2.0E+0¢ 5.0E+0¢ 6.0E+0¢ 4,4E+0: | 4.0E+0¢ | 5.0E+0¢
11/10/2011 209 3.0E+08 4,2E+07 2.0E+06 | 1.0E+05 | 3.0E+08| 1.7E+07

*for Al-Mazra'a wastewater: STiP= 8.68xE9, ST = 1.69xES8, average fecal
removal = 73% (58%)

*for Al-Bireh tertiary treated wastewater: S{iE 4.29xE8, ST = 1.75xES,
average fecal removal = 77% (25.4%)

*for Birzeit secondary treated wastewater: $FD1.8xE10, ST = 6.16xES8,
average fecal removal = 89% (65.6%).
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Annex B: Calculations

The land requirements to polish the effluent of Bikeh wastewater treatment
plant to fit recharge requirements of 10, 10 anant@ for BOD, TN and TSS:

Kickuth proposed the following equation which wa®d for sizing of horizontal

subsurface flow systems for domestic sewage tra@t(Mymazal, 2005):
Ah = Qd(InCin — In Cout)/KBOD
Where:
Ah is the surface area of the bedm
Qd the average flow (fday),
Cin the influent BOR (mg/l),
Cout the effluent BOBR(mg/l)
an&KBOD is the rate constant (m/day).

The required area depending on TSS, TN requirem&nts
Ah = 5000 x (In 33- In 10)/0.1= 59696

Ah = 5000 x (In 33- In 10)/0.1 = 59696

The field measurements showed that the valuKB®D is usually lower than
0.19 m/day. Rate constant is increased with hydréaading rate and BOPmass
loading rate. The average€BOD value for 66 village systems after 2 years of

operation was 0.118 + 0.022 m/day (Vymazal, 2005).
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Cross sectional area for the bed can be calculated) Darcy's Law: (Converse,

1999)

Ac = Q / (KsXS)

Where:

Ac = cross sectional area of bed (m?)

Q= design flow (m3/d)

Ks = hydraulic conductivity (259 m3/d/mz for gravel)

S = hydraulic gradient (0.01 — 0.02 for 1% and 28téidm slope)

CW design has been mainly based on rule of thungimoapghes using specific
surface area requirements or simple first orderagemodels. It have been
reported that first order models are inadequate ther design of treatment

wetlands (Langergraber, 2008)

Ac= 5000/ (259*0.02) = 965

If we use a constructed wetland with 45 cm depth,

Width = Ac/depth = 965/0.45= 2145 m

Length of the wetland = Ah/ width = 59696 / 21427Fm
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