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Executive Summary

Wetlands have long played a significant role asir@tpurification systems, and
have been effectively used to treat domestic, afju@l and industrial wastewater.
However, very little is known about the biochemipabcesses involved, and the use of
constructed treatment wetlands in the removal tofeum aromatic hydrocarbons from
produced and/or processed water. Wastewaters finenoit industry contain aromatic
hydrocarbons such as benzene, toluene, ethylberarehaylene (ortho, meta and para
isomers), which are highly soluble, neurotoxic @adse cancer. The components of the
hydrocarbon and the processes of its transformatimgtabolism and degradation are
complex, the mechanisms of treatment within corstial wetlands are not yet entirely
known. This has limited the effective applicatidrtius sustainable technology in the oil
and gas industrieSound knowledge of hydrocarbon treatment processége various
constructed wetlands is needed to make guided jadtgrabout the probable effects of a
given suite of impacts. Moreover, most of the ittadal treatment technologies used by
the oil industry such as hydrocyclones, coalescefigtation, centrifuges and various
separators are not efficient concerning the remav¥atlissolved organic components
including aromatics in the dissolved water phase.

Twelve experimental wetlands have been designecanstructed at The King’'s
Buildings campus (The University of Edinburgh, 3aotl) using different compositions.
Selected wetlands were planted wiBhragmites australis(Cav.) Trin. ex Steud

(common reeds). The wetlands were operated in dktehmode to avoid pumping
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costs. Six wetlands were located indoors, and sixesponding wetlands were placed
outdoors to allow for a direct comparison of cola and uncontrolled environmental
conditions. The experimental wetlands were desidoeoptimize the chemical, physical
and microbiological processes naturally occurringhiw wetlands. The outdoor rig
simulates natural weather conditions while the orddg operates under controlled
environmental conditions such as regulated tempezahumidity and light. Benzene was
used as an example of a low molecular weight patral hydrocarbon within the inflow
of selected wetlands. This chemical is part ofar@matic hydrocarbon group known as
BTEX (acronym for benzene, toluene, ethylbenzeng xlene), and was used as a
pollutant together with tap water spiked also v@gisential nutrients.

The study period was from spring 2005 to autumn/20Be research focused on
the advancing of the understanding of biochemicakcgsses and the application of
constructed wetlands for hydrocarbon removal. Thelys investigated the seasonal
internal interactions of benzene with other indiad water quality variables in the
constructed wetlands. Variables and boundary comdit(e.g. temperature, macrophytes
and aggregates) impacting on the design, operatiohtreatment performance; and the
efficiency of different wetland set-ups in removibhgnzene, chemical oxygen demand
(COD), five-day @ 2€C N-Allylthiourea biochemical oxygen demand (B§)Dand
major nutrients were monitored.

Findings indicate that the constructed wetlandscessfully remove benzene
(inflow concentration of 1 g/l) and other water bjya variables from simulated
hydrocarbon contaminated wastewater streams withterbeindoor (controlled

environment) than outdoor treatment performanchs. @enzene removal efficiency was
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high (97-100%) during the first year of operatiordavithout visible seasonal variations.
Seasonal variability in benzene removal was appafer spring 2006, the highest and
lowest benzene removal efficiencies occurred imgpand winter, respectively. In 2006,
for example, benzene removal in spring was 44.48hdri than in winter. However, no
seasonal variability was detected in the effluemmenia-nitrogen (NEN), nitrate-
nitrogen (NQ-N) and ortho-phosphorus-phosphate (P®) concentrations. Their
outflow concentrations increased or decreased eattesponding changes of the influent
nutrient supply. In addition, benzene treatmentttedrends of decreasing effluent pH
and redox potential (redox) values but increasifft(uent dissolved oxygen (DO)
concentrations. Approximately 8 g (added to thé&uarit every second week) of the well
balanced slow-releasing N-P-K Miracle-Gro fertilizgas sufficient to treat 1000 mg/l
benzene.

Results based on linear regression indicated tiatseasonal benzene removal
efficiency was negatively correlated and closehkdid to the seasonal effluent DO and
NOs-N concentrations, while positively correlated arldsely linked to the seasonal
effluent pH and redox values. Temperature, efflueH;-N and PG*-P concentrations
were weakly linked to seasonal benzene removatiefities. During the entire running
period, the seasonal benzene removal efficiencghezh up to 90%, while the effluent
DO, NGs-N, pH and redox values ranged between 0.8 andng/B 0.56 and 3.68 mg/I,
7.03 and 7.17, and 178.2 and 268.93 mV, respeytivel

Novel techniques and tools such as Artificial NéuMatwork (self-organizing
map (SOM)), Multivariable regression and hierarahiduster analysis were applied to

predict benzene, COD and BOD, and to demonstratdtamative method of analyzing

Vi
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water quality performance indicators. The resuliggest that cost-effective and easily to
measure online variables such as DO, EC, redoxdTp&l efficiently predicted effluent
benzene concentrations by applying artificial neneswork and multivariable regression
model. The performances of these models are engiogrand support their potential for
future use as promising tools for real time optetian, monitoring and prediction of
benzene removal in constructed wetlands. These ialpooved understanding of the
physical and biochemical processes within vertilalr constructed wetlands,
particularly of the role of the different constitie of the constructed wetlands in
removal of hydrocarbon. These techniques also Helpeprovide answers to original
research questions such as: What does the jobTcBhgssign, filter media, macrophytes
or micro-organisms?
The overall outcome of this research is a sigmificontribution to the

development of constructed wetland technology &rgleum industry and other related

industrial application.

Vii
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Sound of mystery

High pitched croaks of the frog at dusk
Resonating with the voices and sounds from nature
Clapping sounds of thunder
Vibrating and rumbling as lightening flashes
Roar of stormy rain
Rushing to streams and unleashing the natural gnerg
Noisy pounding pace of the human race
Invading the tranquility of the night
Quick quacking sound of a duck
Complex multi-note melody whistles of birds
Greeting each day with song and revealing the nmayni
Whispers of the ocean. Pinching and rolling witthgthm
| could not interpret the sounds. But they werensisuof life
Nature's secrets, sound of mystery that is ineaple
Life like the sound is a mirage
Interwoven jumble of contradiction
The strands that give breathe
Awesome master piece. An epitome of riddle
Hidden by architect of the web of life
beyond great intellectual yearning and comprehemsio
Unwrapped in Divine Revelation

Copyright ©2008 Paul Emeka Eke
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Introduction

1.1. Background of the Research

The era of escalating environmental crisis sucpdlsition, water shortages,
climatic changes (Hartemink, 2006), rapid populatgpowth and several compelling
reasons justify the need for sustainable wastevii@@atment technology that could be
environmental friendly, easy to operate, less gnergnsive and cost-effective.
Natural systems such as constructed wetlands (Ovasg been used to attain
wastewater treatment goals by using natural compenand processes which
significantly reduce the use of energy intensivecimag@ical devices and technical
complexity. Furthermore, CWs involves natural psses resulting in the efficient
conversion of hazardous compounds (Ye et al., 2006)

Natural wetlands are complex and integrated ecesystin which water,
plants, micro-organisms and the environment inteteamprove the water quality
(Guirguis, 2004). Constructed treatment wetlandsrmanmade wetlands developed
and managed to treat contaminants in wastewatetr floas through them.
Constructed wetlands are designed to imitate phalsichemical and biological

processes found in natural wetland ecosystems rntfmve contaminants from the



Chapter 1
wastewater. Constructed wetlands rely on naturalogical processes as a preferred
alternative to more energy and chemical intensmechanical” systems. Successful
applications CWs for the treatment of municipal teaster have led to the
exploration of the technology for the treatmentafstewater from several sources,
including industrial, agricultural, storm water,ichenine drainage, landfill leachate,
urban, airport runoff, gully pot liquor, etc (Moshi1l993; Kadlec and Brix, 1995;
Kadlec and Knight, 1996; Vymazal et al., 1998; H§lE999; Rew and Mulamoottil,
1999; Moshiri, 2000; Scholz, 2002; Zhao et al.,£08cholz and Lee, 2005). The
use of constructed wetlands to treat various wastaw is rapidly emerging as a
viable alternative everywhere in the world.

A recent literature survey reported by Wallace &might (2006) stated that
more than 1,640 CWs have been constructed in ttelpayears in 19 countries.
This study is part of a comprehensive effort of iEmvmental Engineering Research
Group (Urban Water Research group specificallythat University of Edinburgh
(Scotland, United Kingdom) in assessing and adwvanainderstanding of the
application of constructed treatment wetlands tetdgy by improving the design,
operation and management of CWs applied to wastesvdtom various sources
(urban, storm water, rural, industrial, agricultuedc) (Scholz and Lee, 2005; Scholz,
2006; Scholz et al, 2007). The results of thegiessperation and performance of the
hybrid (combined vertical subsurface-flow and pofd)/s applied for hydrocarbon
removal is documented here in this thesis.

The specific design concepts for hydrocarbon treatnwith constructed
wetland systems have not been examined as preasdiyr wastewaters from other
sources and the literature on this specific apptioahas been sparse. Zhao et al.,

(2004) reported that performance of wetland coeldjteatly improved by modifying
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the operation conditions. One of such innovativedifiwations is to introduce more
oxygen into system (we introduced aeration pipgrimittent flooding and draining),
which has shown a great potential for the treatm&his research adopted the
innovative modification in design and operationtbé novel hybrid vertical-flow
CWs used for the study. Furthermore, in an attemeptassess and optimize
hydrocarbon removal with constructed wetlands,cbrrol of several environmental
parameters such as temperature, humidity and ntdries required. The
environmental variability, internal processes aedhaoval mechanism of the CWs
were studied in the state-of-the-art advanced gomb engineering indoor test room
equipped with a high specification unit for clintatesearch. The equipment was used
in evaluating and optimizing the environmental &bkes in the constructed wetlands
was explained in detail in chapter 3.

Exploration, production, refining, storage, trangaton, distribution and
utilization of petroleum hydrocarbons have broughbut frequent occurrences of
water and soil contamination with hydrocarbon (Atland Cerniglia, 1995). The
pollution of the environment increases as petroléyadrocarbon continues to be used
as the principle source of energy. These probleften aesult in huge disturbances
and disastrous consequences for the biotic andi@alm@mponents of the ecosystem
(Mueller et al., 1992)Even small releases of petroleum hydrocarbons aqtgfers
can lead to concentrations of dissolved hydrocaslfanin excess of regulatory limits
(Spence et al., 2005). Produced and wastewaterssexg the largest volume waste
stream in the exploration and production of oil. k& producing field gets to
maturity stage, the volume of produced water exsegdto ten times the total volume
of hydrocarbon produced (Stephenson, 1992). Tredtiawed disposal of such large

volume is of great concern to the operator ancetheronment. Wastewaters from the
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Petroleum industry contain aromatic hydrocarbomghsas benzene, toluene,
ethylbenzene and xylene (ortho, meta and para ime&hich are highly soluble,
neurotoxic and cause cancer (Hiegel, 2004). Petmol&éydrocarbon wastewaters
contain also pollutants such as chemical oxygenateinfCOD), biochemical oxygen
demand (BOD), nitrogen and phosphorus (Knight etl@09). However, the major
focus of the petroleum industry is on assessing temoval efficiency of
hydrocarbons. Due to hydrocarbons’ toxic propertasl persistence in nature,
biodegradation processes and wetland remediatiothati® have attracted great
attention (llker et al., 2000, Wallace and KnigBQ06). Most of the traditional
treatment technologies used by the oil industryhsag hydrocyclones, coalescence,
flotation, centrifuges and various separators ateefficient concerning the removal
of dissolved organic components including aromaiticshe dissolved water phase
(Descousse et al., 2004; International Associatib@il and Gas Producers, 2002).
CWs have the potential of removing organics suclarasnatic components in the
dissolved water phase (Eke et al, 2007b) and imicgeompounds in wastewater
(Wallace and Knight, 2006). Historically, the remabwf organic compounds from
water by most of the traditional treatment techg@e are expensive and has relied
upon exploiting density differences between watad dhe oils and/or organic
compounds to be removed (Alper, 2003). The hight obsconventional treatment
processes has produced economic pressures andlsexdicengineers to search for
creative, cost effective and environmentally sowad/s to control water pollution
especially in petroleum industry.

The CWs technology has diverse applications argd dstiablished roots as
cost effective and natural wastewater technologyurad the world. Cole (1998)

reported that although there is a rapid spreaddarasification of constructed
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wetland technology, they are, however, running dhed the mechanistic
understanding of how they work, which is neededeawelop detailed design criteria.
Despite the recorded great breakthrough in othapse CWs technology has
not yet gained full acceptance in the petroleunustiy Cole (1998). In part, this
reluctance in acceptance exists because the tegyak not yet completely
understood or trusted by those who must approvesesin this field, and its success
is a hotly debated issue. Very little is known dbive internal processes involved and
the use of constructed treatment wetlands in theoval of petroleum hydrocarbons
from processed water. This has limited the effectipplication of this technology in
the oil and gas industries, as a firm scientifisibdor design and operation currently
does not yet exist. These complex natural systeenstél somewhat of a "black box,"
in some specific field application (Cole, 1998) Isas petroleum industry. One of the
major arguments in especially upstream sector d¢folgeim industry is that the
Knowledge of how the wetland works is not far erougdvanced to provide
engineers with detailed processes and predictivedelsoAnd, being natural systems,
their performance is variable, subject to the chapgeasons and environmental
factors (this need to be investigated). Anothempry reason for the lack of
understanding and mistrust of CWs is that the teldgy requires knowledge not
only of such fields as environmental engineerind Bydrology, which are important
in conventional cleanup methods, but also of themmlex workings of
microorganisms There is no detailed study on the treatment of dgabon
contaminated wastewater using constructed wetlakalsvn in the literature.
However, the working mechanism of this treatmenthm®logy consists of
interconnected interactions of chemical, physicadl diological processes and a

concerted action between soil, plant rhizomes hadacteria acclimatized to the
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toxic effluents, which is insufficiently known oedted, especially as applied to
hydrocarbon removal. Considering also that the aorepts of the hydrocarbon and
the processes of its transformation, metabolismdagtadation are complicated, the
mechanisms of treatment within constructed wetlaags not yet entirely known.
Moreover, there are no practicable or academiaahablished criteria to assess the
mechanisms and performances of hydrocarbon remwatrah constructed wetlands.

It is also clear that there is still a long waygm before such systems will be
considered for routine use in petroleum industscdprally the upstream sector.
Although this CWs technology has been applied now deveral decades, few
guantitative researches have been done on the ermpbcesses that occur inside
this man-made ecosystem (Cole, 1998). Indeed, stasties adopted a black box
approach where low-frequent or seasonally-averatggd were applied to feed the
empirical models, thereby largely ignoring the imdrc variability of such treatment
systems. Prominent researchers in this field shaveedern on the black box nature
of the technology by making the following comments:
R. Kadlec(in Cole, 1998):'We’ve got a huge, functioning mess called wetlanais
there with all sorts of interesting things goingiaside it. But we do not have enough
information about what goes on inside the system.have a solid foundation of
empirical understanding, but to advance our knogkdve need to understand the
internal processes that lead to the observed perémce.”
R. Gearheartin Cole, 1998): Basically, all we know is that they work ... But if
you want to be able to say, for example, what hapjfeyou double the loading
rate we're not there yet. We can not modél it.

Constructed wetlands are complex systems in tefrb®logy, hydraulics and

water chemistry. Furthermore, there is little daek of quality data of sufficient
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detail, on full-scale constructed wetlands appBedcifically for petroleum industry.
In most reported data concerning constructed wetlperformance, there was a
consistency in removing the total nitrogen, totabgphorus and biochemical oxygen
demand. However, this was not the case regardidgphgrbon removal. This may be
due to the involvement of sequence of processegede® be accomplished before
achieving the hydrocarbon removal and the huge attan in hydrocarbon
contaminated wastewater characteristics, operatigigne and wetland configuration.

Considering also that currently, there is verylditpractical information on
how the characteristics of the influent wastewatad the physical state of the
hydrocarbon affect the efficiency and hydraulic gedies of wetlands. A clear
understanding of the biological, physical and cleainprocesses involved is essential.
Moreover, successful implementation of the consgdic treatment wetland
technology in both upstream and downstream seofgpetroleum industry will save
cost for producers and have great commercial sffiffay the environmental
scientists, engineers and policymakers. Sound keabyd of hydrocarbon treatment
processes in the various constructed wetlands egdeteto make guided judgments
about the probable effects of a given suite of iobpaThis research focused
specifically on a more thorough understanding of thcience, underlying
environmental variables and mechanisms of hydraramremoval with constructed

wetlands.

1.2. Problem statement
The above introduction identified gaps in knowledfkee highlights suggests
that constructed wetlands are a versatile, naandlcost effective technology (Rew

and Mulamoottil, 1999) that is suitable for remayseveral pollutants from different
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types of wastewater (Moshiri, 2000; Scholz, 200Ba& et al., 2004), at varying

loading rates and under a range of climatologi@aiddions. The study seeks to

provide a better understanding and applicatiorheftechnology as it expands to this
new area by assessing the processes and verifyomg difective novel hybrid

(combined vertical-flow and stabilization pondshstiucted wetlands could be at

removing pollutants from simulated hydrocarbon eamhated wastewater. In

designing, constructing and operating the experiadlewetlands to solve the
identified problems (gaps in knowledge), the reseasought to answer specific
guestions which surfaced such as:

(1) To what extent would hydrocarbons and other watelity parameters such as
COD, five-day @ 20C N-Allylthiourea biochemical oxygen demand (B§)Detc
be removed in different constructed wetland seups

(2) How is the efficiency of experimental wetland systeariables affected by the
hydrocarbon in the wastewater influent?

(3) How effective would major experimental construcigdtland components and
control parameter such as filter media, plantstientis and oxygen be in treating
hydrocarbon contaminated wastewater?

(4) What is the mechanism of removal of hydrocarbormomstructed wetlands?

(5) How do extreme hydrocarbon loading rates (highngfite aromatic hydrocarbon)
influence treatment efficiency?

(6) Can addition of nutrients in the hydrocarbon coriteated wastewater improve
the efficiency of CWs?

(7) How and to what extent does environmental and se&sa@riability (summer,
winter, etc) affect treatment efficiency?

(8) How do the quantity and quality of hydrocarbons umcglated in wetland
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substrate affect hydraulic conductivity, treatmefficacy and long-term system

sustainability?

The operational experience including intensive nwinig data and research
results this study sought to provide will be usefuproviding solution to the above
mentioned problems and in managing constructedanasl systems applied for
hydrocarbon contaminated wastewaters treatmentrappties for the future.

In an attempt to meet the required knowledge amterstanding in this research, the
study did evaluate in-depth basic internal workingfsthe constructed wetland
components and the interrelationships that compiuseystem processes as detailed
in this thesis. The observations and results obthimere thus reported in this thesis.
The findings have been very encouraging and comseiy) expected to go a long
way in reducing the existing skepticism by provglithe technological insight

required by oil producers, regulators and engingetise petroleum industry.

1.3. Rationale, Aims and objectives of the project

Constructed wetlands are already widely used tat tnastewaters polluted
with various compounds (Scholz, 2006). This redeanterest has been driven by
growing recognition of the natural treatment fuoot performed by natural and
constructed wetlands. However, the working meclmasiof wetland treatment
technology consist of interconnected interactionshemical, physical and biological
processes and interactions between soil, planbmezs and the bacteria acclimatized
to the toxic effluents. The use of constructed aretk to treat specific industrial
wastewater such as hydrocarbons is a relativelyemlogical engineering technique
compared with conventional treatment systems; fberea proper understanding of

their operations and functions is required.
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In an attempt to improve the scientific knowledged eoptimize hydrocarbon
removal with constructed wetlands, the control @fesal environmental parameters
such as temperature, humidity and nutrients isirequPioneering work on the use of
subsurface-flow wetlands to treat industrial orgacompounds was undertaken by
Seidel (1973) in Germany. The Seidel's approach maslified and used in this
research to verify the use of vertical-flow subaoef constructed wetlands to treat
benzene, a representative hydrocarbon speciestebarch uses data gathered from
experimental-scale wetlands to assess the effigziehtiydrocarbon removal in each
wetland and to compare different operational comét The research covers the
assessment of environmental, physical, chemical @mctobial processes. This
enhances operational knowledge and understandindgreatment wetlands and
provides data that could be used to design fulleseaetland systems for efficient
hydrocarbon treatment, and to model biodegradatiod operational processes.
Improved system control should include knowledgd anderstanding concerning
environmental requirements such as oxygen avatiabiater inundation duration
and temperature variability, fertilizer requirementor wetland microbes, and
characterization of microbes capable of degradetgopeum hydrocarbons.

The overall aim is therefore to advance understanaif the application of
constructed treatment wetlands for hydrocarbon x@mo
The specific objectives are to assess:

(1) The current literature on hydrocarbon removal witinstructed wetland
systems;
(2) The efficiency of different wetland set-ups in renmgy hydrocarbon, COD,
BODs and nutrients;

(3) Variables and boundary conditions impacting ondperation and treatment

10
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performance (e.g. temperature, macrophytes anckgatgs);

(4) The effect of nutrient concentration increases oadrdcarbon removal
within wetlands;

(5) The role of environmental factors and seasonaltdity on hydrocarbon
removal with vertical-flow constructed wetlands med in both controlled
and uncontrolled environments. Literally assesdimg specific impact of
seasonal changes and environmental control onrélagntent efficiency of
hydrocarbon and other water quality variables sashCOD, BODR, DO,
redox potential, turbidity and nutrients;

(6) The sustainability and cumulative impact of the staucted wetlands by
assessing the long-term performance in treatingoleetm hydrocarbons
such as benzene, which are associated with coabidehuman health and
environmental concerns; and

(7) The main hydrocarbon removal pathways and biochemechanisms

1.4. Thesis outline

This thesis started the investigation by reviewaighe existing information
on wetlands and constructed wetlands applied fairdgarbon removal. The study
then investigated the performances of the laboyagoale experimental constructed
wetlands applied for hydrocarbon removal.

Chapter 1 described the background, statementegbribblem, outline, rationale, aim
and objectives of the study.

Chapter 2 presented the review of literature onrdgarbon removal with wetland
systems. An overview of the constructed wetlandsneerating the role of main

wetland components (nutrients, temperature, etd)tgpes of wetland flow systems

11
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(Surface Flow, Subsurface Flow [Vertical and Hontad] and hybrid types). A
significant proportion of the chapter is devotedthe published literature on the
removal mechanisms of pollutants.
Chapter 3 described the materials, the experimesglp and operation methods
applied for the study. This chapter explained thgpeemental filter design,
construction, parking order, compositions as wslloperational and/or controlled
environmental condition. The chapter also docuntenie® design and operational
limitations as well as the risk assessment dorw fwithe study.
Chapter 4 presented the overall treatment resotisdescussions. The chapter shows
the water quality performance of each wetland rfifte the entire study period and
also analyzed statistically to establish the retathip between constructed wetland
components. The result of the variables essendratdntrol, efficiency monitoring
and optimization of the wetland were presented.
Chapter 5 discussds/drocarbon removal performance of the system. blyahbon
removal mechanism in vertical-flow experimental stoucted wetlands was examined
with additional column experiment. The role of naatrytes, filter media, nutrients
and cumulative impact of long-term performance loé tsystem in hydrocarbon
treatment discussed in detail.
Chapter 6 examined the seasonal variability and tihhpnperformances of
hydrocarbon and the corresponding impacts of otla¢er quality variables.
Chapter 7 described application of artificial néuratworks to support constructed
wetlands operation, optimization and managementifié\al neural networks are
introduced as a tool for the prediction of expentaé constructed wetland
performance. The self-organizing map (SOM) and Maitable testing are applied to

predict water quality indicators such as COD, BOfutrient and hydrocarbon, which
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is expensive and labour intensive to estimate.alides such as dissolved oxygen, pH
and conductivity, which can be monitored in readdiis used as input of models.
Chapter 8 finally brought together the outcomestlué thesis, compared and
discussed the results from the different chaptemd @rovides some overall
conclusions. The chapter gave some suggestionsfuither research as well.

References and appendix were documented afteresttipt
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Constructed treatment wetlands for
the petroleum industry application

2.1. Overview

This chapter presented the in-depth historical tectinical review of existing
information about natural and constructed wetlandspwing the hydrology,
components, types and the removal mechanisms tdimamants in wetlands.

The chapter is grouped into sections for speciigscdptions as follows.
Sections 2.1 introduced the chapter, 2.2 describedorical development of
constructed treatment wetlands and 2.3 describedpeooents of wetland. 2.4
described wetland hydrology and 2.5 described coct®td wetlands types with the
subsections describing major wetland types, whigetisn 2.6 described the
applications of temporarily flooded vertical-flowetlands. Section 2.7 presented the
removal mechanisms of contaminants with the sulmsectdealing with various
removal processes with special emphasis on apiplicaf constructed wetlands for
hydrocarbon treatment. 2.8 presented wetlandnerat model, 2.9 described the role
of temperature in constructed wetland, while seGti10 role of nutrients and 2.11.

summarized the chapter.



Chapter 2

2.2. Historical development of constructed treatment wetlands

The use of wetlands to remove pollutants from waater is not a new idea.
Despite poor documentation of this technology alyestage of development, there
were several indications that wetlands were useddoades in many different forms
and applications (Moshiri, 1993; Kadlec and Knigh§96). Kadlec and Knight
(1996) documented a good historical account ofube of natural and constructed
wetlands for wastewater treatment and disposath@yg pointed out, natural wetlands
have probably been used for wastewater disposaddong as wastewater has been
collected, with documented discharges dating back9t12. Some early constructed
wetlands researchers probably began their effoasedd on observations of the
apparent treatment capacity of natural wetlandseBeh studies on the use of
constructed wetlands for wastewater treatment ba@g&urope in the 1950's, and in
the United States of America (USA) in the late 196Research efforts in the USA
increased throughout the 1970's and 1980's, wghifgiant federal involvement by
the Tennessee Valley Authority (TVA) and the US Brment of Agriculture in the
late 1980's and early 1990's. USEPA has had aelihmidle in constructed wetlands
research which might explain the dearth of usefuiality-assured data (USEPA,
2000).

Another school of thought believe that since thecpce of building sewers in
urban areas dates back to about 7,000 BC, itedylikndication that natural wetlands
have been used as receiving waters ever sincesévis@ge farming experiences of the
1870s in the United Kingdom led to an appreciatbnhe link between wastewater
application rates, wetland hydrology, plant adaptatand wastewater purification. It

was noted in 1877 that wastewater loadings at ab@5tnt per person per day were
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sufficient to maintain wastewater application araas‘grass plots” (Wallace, 2004).
Thousands of years ago, natural wetlands were wsed by the Egyptians and the
Chinese to clarify liquid effluent. However, thesti botanical treatment of wastewater
was reported in Europe in the 1950s (Fujita). @@essner et al (2005) reported that
America’s research into the field was reportedhie 1970s, in 1973-1976, the first
intentionally engineered, constructed wetland memtt pilot systems in North
America were constructed at Brookhaven Nationalotatory near Brookhaven, New
York. However, the use of a wetland within a daigtely engineered treatment vessel
was also documented in a US Patent dating bacl@i {Monjeau, 1901; Wallace,
2004). Furthermore, early concept about “constdicteetland was reported 1904 (in
Australia). This apparently indicated that by 196 idea of creating wetlands
specifically for wastewater treatment had been libpesl. Wallace (2004) and Brix
(1994a) reported that this early wetland conce wlaarly documented in an essay
to the Hornsby Literary Institute, NSW, Australia 1904 which states in part as
follows:

“If every householder disposed of his own drainagehis own premises as he might
very well do, the health of all of us would be mumproved. Anyone who has a little
ground about his house can dispose of his dirtyewas follows: Dig up a plot of
ground thoroughly to a depth of fifteen to eighteeaes. Cut a channel leading from
the kitchen and washhouse into the highest sidkeeoplot and let all the dirty water
drain into it. Plant the plot with plants that grosapidly and require a great deal of
water such as Arum Lilies, for instance. The dwigter will be all absorbed by the
roots of the plants and a most luxuriant garden W produced which will defy the
hottest weather and will always be green and béau®y this means a curse will be

transformed into a blessing.”
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From historical perspective a large spectrum oftathare regarded naturally
as wetlands. There are many different terms forcrifgson of wetland such as
temporary shallow water bodies, marshes, swamks, nergins (littorals), large river
floodplains, coastal beaches, salt marshes, maegrgveat, bogs, fens, sloughs,
ponds,coral reefs, riparian area, pocosin, wet pasturangcel, seep, taiga, baylands,
river, prairie pothole, wet meadow, intertidal miatd, gulf, tundra, lagoon, lake,
spring, estuary, spong, stream, saltflat, creedermir and beds of marine algae or
seagrasses (Kadlec and Knight 1996; http://www.eco-
pros.com/types_of wetlands.htm). The term "wetlampjears to have been adopted
as a euphemistic substitute for the term "swamptighl¥, 1907). Nineteenth-century
scientists used terms such as mire, bog, and fetesoribe the lands that are now
called wetlands, and these terms are still usesciBntists to describe specific kinds
of wetland (Mitsch and Gosselink, 1986; Dennisord &erry, 1993). The term
wetland has come gradually into common scientiiage only in the second half of
the twentieth centuryHowever, what brings all these diverse kinds of ifaéb
together is that the land is wet for a part or whol the year that the vegetation is
quite distinct from that of the adjacent uplandaaréGopal, 1999). Wetlands act as a
transition between the terrestrial and aquatic ystesns and exhibit some
characteristics of each (Smith 1980). Essentialhatural wetland occurs where the
level of water is near the surface for enough timéeep the soil below saturated.
Wetlands systems use various physical, biologindl @emical processes to treat its
pollutants.

Providing a precise definition of wetlands has beery controversial because
of the enormous variety of wetland types and theblems of defining their

boundaries. Guirguis (2004) defined wetlands asptexnand integrated systems in
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which water, animals, plants, micro-organisms ahd environment interact to
improve the water quality. Cowardin et al, (1979cudmented a comprehensive
definition of wetland by US Fish and Wildlife Serei thus:“Wetlands are lands
transitional between terrestrial and aquatic systewhere the water table is usually
at or near the surface or the land is covered ballskv water. For the purposes of
this classification wetlands must have one or nudréhe following three attributes:
(1) at least periodically, the land supports predioamtly hydrophytes; (2) the
substrate is predominantly undrained hydric sonda3) the substrate is nonsoil and
is saturated with water or covered by shallow watesome time during the growing
season of each year’Fortunately, despite various definitions and terior
description of the wetland systems, the most widabcepted definition was
developed in 1980 by the International Union foe @onservation of Nature and
Natural Resources (IUCN) in the Ramsar Conventidhis convention defined
wetlands as “any areas of swamp, pond, peat, arya@atural or artificial, permanent
or temporary, stagnant or flowing water, includiesfuaries and marine water, the
depth of which at low tide does not exceed six nsét@Mitsch and Gosselink, 1993).
This definition brings many different bodies of eratnder the meaning of wetland.
The international community has been made awatleeotalue of wetlands since The
Ramsar Convention (Scholz 2006). Over 100 countréese adopted a definition by
signing the Ramsar Convention on Wetlands. In wdtkystems, animals, plants and
micro-organisms thrive and interact with sunligbtil and air to improve water
quality (Guirguis, 2004). Wetlands can be natunmalntan-made; the latter where
humans attempt to mimic the water treatment pr@sesghibited in natural wetlands,
in an attempt to solve various water quality praise Naturally occurring wetlands

can be found in every climate from the tropics te frozen tundra and on every
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continent except Antarctica (Vymazal et al, 1998).

Patten (1990) reported that wetlands comprise &7 #%e Earth’s landscape,
or in other words a total surface area of 11.68ionilkm?. How much of the earth’s
surface is presently composed of wetlands is notvknexactly. The UNEP-World
Conservation Monitoring Centre has suggested amaigt of about 570 million
hectares (5.7 million kA — roughly 6% of the Earth’s land surface — of eth2% are
lakes, 30% bogs, 26% fens, 20% swamps, and 15%ldlams (Ramsar, 1971).
Mitsch and Gosselink, in their standard textbd®@d&tlands 3rd ed. (2000), suggest 4
to 6% of the Earth’s land surface. Mangroves ca@me 240,000 kmMof coastal
area, and an estimated 600,000 krhcoral reefs remain worldwide. Nevertheless, a
global review of wetland resources prepared for 8amCOP7 in 1999, while
affirming that “it is not possible to provide ancaptable figure of the areal extent of
wetlands at a global scale”, indicated a ‘best’ imum global estimate at between
748 and 778 million hectares. The same report atdet that this “minimum” could
be increased to a total of between 999 and 4,48®mhectares when other sources
of information were taken into account (Ramsar,1397

Wetlands mean different things to different peaogpith different backgrounds.
To some, wetlands are important habitats for numsetonds of waterfowl and fish
whereas to others they are the “kidneys of thehéamd some a leading “green”
infrastructure of the 21st century. Sometimes thaye been called “biological
supermarkets” for the extensive food chain and biddiversity they support (Mitsch
and Gosselink, 1993). Wetlands vary widely becaiigegional and local differences
in soils, topography, climate, hydrology, water rmigry, vegetation, and other

factors, including human interaction. Both freshevatnd saltwater wetlands, due to
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their transitional location and reducing conditiavere found to have very significant
roles in the natural cycling of organic and inorigamaterials (Bastian and Hammer,
1993).

Wetlands are comparable to rain forests and ceefsras being one of the
most productive ecosystems on the planet in perfgrseveral ecological functions.
The hydrological, biological and biogeochemical dions impart wetlands various
values (Sather and Smith, 1984). Vymazal et al§199d Denny (1997) summarized
some of the values of the wetlands as follows:

1 Hydrological and hydraulic functions (erosion atabél control; recharge of
groundwater aquifers; floodplain hydrodynamics),

2 Climatic effects (buffering global warming; carbfixation and CQ balance;
micro-climatic influences),

3 Biodiversity functions (wildlife enhancement; bragglgrounds for waterfowl,
fish and invertebrates like shrimps, crabs, oystettams, mussels;
preservation of gene pools; conservation of flard fauna),

4 Mining activities (getting peat, sand, gravel),

5 Usage of plants (staple food plants; grazing laimdber; paper production;
roofing; agriculture, horticulture, fertilizers,dder),

6 Development of aquaculture and integrated systdmbir(g, hunting, fish
cultivation combined with rice production),

7 Energy production (hydroelectric; solar energy;thmanps; fuel as gas, solid
and liquid),

8 Educational uses (training; nature studies; rebeactvities)

9 Recreational and reclamation uses (sightseeinghetes benefits; sailing;

swimming; canoeing and other water sports).
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10 Relatively low capital and operating costs, simplicof operation (low
requirement for operator supervision) and seen amtaral and therefore

“green” process.

Unfortunately, most of the above mentioned valuesewecognized recently
by the developed world, which considered the natwetlands for a long time as
“wastelands” (Gopal, 1999) and used them as “coewenwastewater discharge
sites” for as long as sewage has been collectedllégkaand Knight, 1996).
Furthermore, they have been drained, ditched, edvyesverfilled with toxins and
nutrients for long periods (Mitsch and Gosselind93).

Man has started to mimic nature by building wetkanad treat a variety of
waters, wastewaters, storm waters, gully pot liguesid-mine drainage waters,
landfill leachate, irrigation waters, agricultunabstewater, runoff waters, industrial
wastewater and produced waters (Moshiri, 1993; &adhd Brix, 1995; Kadlec and
Knight, 1996; Cooper et al.,, 1996; Vrhovsek et &P96; Vymazal et al., 1998;
Haberl, 1999; Rew and Mulamoottil, 1999; Moshi®0B; Kivaisi, 2001; Yang et al.,
2001; Scholz, 2004; Zhao et al., 2004). Construetettands are man-made systems
designed to imitate the optimal treatment condgifound in natural wetlands, which
filter out pollutants and act as sinks for nutrgefly purifying the water through
physical (sedimentation and filtration), physichkmical (adsorption on plants, soill
and organic substrates) and biochemical (biochdndegradation, nitrification,
denitrification, decomposition and plant uptakepgasses (Novontny and Olem,
1994). Constructed wetlands technology has beeitiegft in the removal of
pollutants in the wastewater and was simple to tcocs operate and maintain with
low cost, low energy demand, effectiveness andnpialefor creating biodiversity

(Haberl, 1999). Constructed treatment wetlandsgbamenvironmentally
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friendly and low-cost technology system now serassthe potential alternative
systems for the treatment of wastewater from varisources throughout the world
(Scholz, 2006).

There were an expansion in variety of applicatifmrsconstructed treatment
wetland technology for water quality improvementaasgesult of the transfer of the
knowledge, technical collaboration and co-operatignthe scientists in developed
countries recently (Haberl, 1999; Kivaisi, 2001;aiMjet al., 2003). However, the
initial research deliberately investigating wastewatreatment by wetland plants
started in 1952 at the Max Planck Institute in Pl&@&ermany, when a German
scientist, Dr. Kathe Seidel, began investigating Water purification capabilities of
bulrush (Schoenoplectus lacustris) grown in aréficooting environments (Bastian
and Hammer 1993). She explored the removal of dadram wastewater b$cirpus
lacustris and in 1956 began testing dairy wastewater tredtmati S. lacustris
(Bastian and Hammer, 1993). From 1955 through #te 1970s, Seidel published
numerous studies on water and wastewater treatmgintwetland plants (Seidel,
1955, 1961, 1976). Seidel could be called “Mothlecanstructed wetlands” because
her discoveries gave birth to modern constructetdawds and marked the earliest
documented engineered treatment wetlands reseétble avestern world. However,
most of her early publications were in German timeking it difficult for non
German speaking scientists to understand, and himgering dissemination of the
acquired knowledge. Her research also seemed keaviticised since the
investigations and calculations were mainly aimeduwrient removal through plant
uptake which would require a regular harvestingmegand very large surface areas
(Vymazal, 1998a). In the early 1960s, in collaboratvith Dr. Seidel, Dr. Reinhold

Kickuth (one of her students) at the UniversityGifttingen, Germany, developed a
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wetland treatment process known as the Root Zontadde which was first used for
a full-scale wetland system at Othfresen, German$972. Kickuth continued with
the experimental work and popularized this coneeiit his co-workers in Europe,
resulting in nearly 200 municipal and industrialsteatreatment systems. Interest in
these subsurface (the Root Zone Method) flow wddaspread throughout Europe by
the mid 1980s (Bastian and Hammer, 1993). Througtie1970s, in the U.S., land
treatment alternatives were developed with the suppf a significant research and
development effort funded by the U.S. Environmemadtection Agency, the U.S.
Army Corps of Engineers and other agencies (Bastrath Hammer, 1993). Use of
these wetlands expanded dramatically in the Uritiades after the Tennessee Valley
Authority published a design manual in 1993 targgbeimarily for single-family
homes (Wallace, 2004). Constructed treatment wetkystems as engineered and
managed “natural systems” are receiving increaseamtldwide attention for
wastewater treatment and recycling (Bastian andd3ado, 1983; Reddy and Smith,
1987; Reed et al., 1988, Hammer, 1989; Cooper andldter, 1990; Etnier and
Guterstam, 1991; Tchobanoglous and Burton, 1991dld€aand Knight 1996;
Vymazal et al., 1998; IWA, 2000; Njau et al., 20@holz, 2006). The increased
popularity this technology is receiving appeardéodue to the growing interest on
technologies that supports environmental protectiesource conservation and more
reliance on natural ecological processes in coraparito the more energy and
chemical intensive “mechanical” (conventional) syss. While experience in
research and practical application has been bpilover the years, a number of
fundamental knowledge of the internal processed tead to the observed
performance of wetland is not yet entirely knowmisTcould be attributed to the

technology being natural system with variable penfnce that depends on the
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interaction of many different components and sulffigchanging seasons.

2.3. Components of a wetland

Wetlands consist of basic components such as ymagidtrata, water, hydric
soil, detritus and macrophytes (vegetation). Howeother important components of
wetlands such as the communities of microorganismg aquatic invertebrates
develop naturally. The water, soil and vegetatioa basic components for the
characterization of a wetland. The understandinthefcomponents is useful for the
manipulation of constructed wetland. Constructedames are wastewater treatment
methods that mimic processes that occur in naturgilands by utilizing the
components to cleanse water. However, wetland psese are among the most
complicated sets of soil and water chemistry, plantd hydrology interactions
occurring within any ecosystem on earth (Campbetl @Dgden, 1999). The
underlying strata are unaltered organic, mineralitbic strata which are usually
saturated with or impervious to water and are betlog active rooting zone of the

wetland vegetation (Campbell and Ogden, 1999).

Water. Wetlands are areas where water is the primary rfactmtrolling the

environment and the associated plant and animal Tihey occur where the water
table is at or near the surface of the land, orrevstikee land is covered by shallow
water (Ramsar, 1971). A wetland can be built alnasgtwhere in the landscape by
shaping the land surface to collect surface watdrkyy sealing the basin to retain the
water. All wetland soils must deydric - saturated with water for at least part of the
growing season. Hydrology (explained in detail @cton 2.4) is the most important

design factor in constructed wetlands becausakslall of the functions in a wetland
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and because it is often the primary factor in thecess or failure of a constructed
wetland. While the hydrology of constructed wetlaunglnot greatly different than that
of other surface and near-surface waters, it dofs th several important respects.
Small changes in hydrology can have fairly sigifit effects on a wetland
and its treatment effectiveness because of the lsngface area of the water and its
shallow depth, a wetland system interacts stronvgih the atmosphere through
rainfall and evapotranspiration. The density ofetatjon of a wetland strongly affects
its hydrology, first, by obstructing flow paths #se water finds its sinuous way
through the network of stems, leaves, roots, ambmines and, second, by blocking
exposure to wind and sun (US EPA, 2000). It is irtgpd to note that an area is
strictly classified as wetland based on three daficharacteristics — hydrology, soils,
and vegetation. However, just because water exisia area doesn’t mean an area is
a wetland, or vice versa; just because there ishwious water doesn’t mean that an
area is not a wetland. Wetlands do not always oatthre assumed “bottom of a hill”
where water collects. One may come across a wetrttle top of a hill from a

perched water table.

Substrate. Substrates (also called aggregates or wetland neskal to construct

wetlands include solil, sand, gravel, rock, and wiganaterials such as compost.
Wetland researchers have started to use indudiyigdroducts like alum sludge
(waterworks sludge), light weight aggregates andtevanaterials from industries, as
well as natural materials with higher adsorptiopamties (Babatunde and Zhao,
2007, Johanson, 1996; Brooks al, 2000; Zhuet al, 2002). However, soil is the
main supporting material for plant growth and mimead films in constructed

wetlands. The soil matrix has a decisive influerae the hydraulic processes
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(Stottmeisteret al, 2003). Soils consist of unconsolidated, natureterial that
supports or is capable of supporting plant lifee TUpper limit contains air, and the
lower limit is either bedrock or limit of biologitactivity (ITRC, 2003). Soils are
generally divided into two different types - minkaad organic. Soils can be further
categorized based on the amount of moisture preSeer wetland conditions, soils
are considered to be hydric, i.e., saturated, #dodr ponded long enough during the
growing season to develop anaerobic conditionkerupper portion of the soil.

Hydric soils are developed under conditions sty wet to support
vegetation typical to wet areas (hydrophytic vegeta (ITRC, 2003). The physical
and chemical characteristics of soils and othestsates are altered when they are
flooded. In a saturated substrate, water replacesatmospheric gases in the pore
spaces and microbial metabolism consumes the biaitaxygen. Since oxygen is
consumed more rapidly than it can be replaced Hysion from the atmosphere,
substrates become anoxic (without oxygen) (US EBBO2 A mixture of sand and
gravel is recommended to improve hydraulic conditiand the removal of
contaminants (IWA specialist group, 2000; Stottrhegiet al, 2003). For vertical-
flow constructed wetland, a relatively small rangeffective grain size of 0.06 to 0.1
mm was evaluated, while that for horizontal-flowstgm was found to be higher at
0.1 mm (Stottmeistest al, 2003). A number of specialty media have beedistuto
access the possibility of increasing the adsorptapacity of filter media with
different substrates. However, there has been adictory view about the function of
expensive filter media in the treatment processoostructed wetlands. Study carried
out by Scholz and Xu (2002) demonstrated that tleas no additional benefit in
using expensive adsorption media like granulavatgd carbon to enhance filtration

performance of constructed wetlands.
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Macrophytes. Plant is an important component of a wetland syst&oth

vascular plants (the higher plants) and non-vasquknts (algae) are important in
constructed wetlands. Macrophytes can assimilalietpots in their tissue, and also
provide a surface and an environment for microasyas to grow (Vymazal, 2002).
The growth of roots within filter medium helps teampose organic matter
and prevents clogging by creating channels for wla¢er to pass through in the
intermittent loading vertical-flow system. PhotoBwsis by algae increases the
dissolved oxygen content of the water. Some wetfdadts release sufficient oxygen
into the root zone to support aerobic microbialivitgt (Bodelier et al., 1996;
Armstrong et al., 1990), and this may sometimesesmt as much as 90% of the
total oxygen entering a wetland substrate (Reddplet1989). Nevertheless, the
relative contribution of plant oxygen transport wastewater treatment remains
controversial. Some wetland designers assume thait pxygen transport is
significant (DeBusk and DeBusk, 2001), while othdirsmiss it as negligible (US
EPA, 2000). Wetland ecosystems support plant contresrdominated by species
that are able to tolerate either permanent or garisaturation. Quantification of
oxygen flux from entire root systems has been caafdd by species and seasonal
differences, spatial heterogeneity and measureawmniracies for variables including
the oxygen demand of the root zone solution anddbeto solution volume (Sorrell
and Armstrong, 1994). The plants’ capacity to symplygen to the root zone varies
among species due to differences in vascular tssueetabolism, and root
distribution (Steinberg and Coonrod, 1994). Theepbal for plants to release oxygen
into the root zone may increase during cold peridoscause root and rhizome

respiration consumes relatively large proportiohexygen, which diffuses through
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plant shoots, and the oxygen demand for root armbmie respiration declines with
temperature (Callaway and King, 1996). Metabolignthe indigenous microflora is
a function of the availability of light, oxygen,niperature, nitrogen and phosphorus
(Atlas, 1981).

Macrophytes are widely used within treatment wetta(Cooper et al., 1996;
Scholz, 2006). However, the role of macrophytedr@atment wetlands has been
controversial. Some researchers have documentddniberophytes can improve
pollutant removal (Cooper et al., 1996; Brix, 199%mazal, 1999; Kadlec et al.,
2000; Neralla et al., 2000; Kadlec, 2002; Karatlsanat al., 2003). However, despite
such an ability of macrophytes, when compared toranrganisms, they only play a
secondary role in the degradation of organic maitewetland systems. (Stottmeister
et al, 2003). Alternatively, others did not detect aignificant difference between
planted and unplanted systems (Baldizon et al.2286holz et al., 2002). Despite the
contradiction in the scientific findings, plantsaplan indirect role in treatment of
contaminants in constructed wetland. For example,growth of roots within filter
media helps to decompose organic matter and preetogging by creating channels
for the water to pass through. The macrophytespa oxygen into the rhizosphere,
which stimulates both aerobic decomposition of nrganatter and the growth of
nitrifying bacteria (Brix, 1997). The most commotams in wetlands are reed
(Phragmitessp), cattail Typhasp.), rush Juncussp.) and bulrushScirpussp.).

However, the most frequently used plant specieddmade is P. australis
(IWA specialist, 2000). Constructed wetlands vegens attract waterfowl and
wading birds, including mallards, green-winged te@bod ducks, moorhens, green

and great blue herons, and bitterns. Snipe, regedblackbirds, marsh wrens, bank
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swallows, redtailed hawks, and Northern harrieedfand/or nest in wetlands (US

EPA, 2000).

Microorganisms. Microbes which live virtually ubiquitously in soilre the key

player in wetlands. In any wetland, the ecologicald web requires microbes, to
function in all of its complex transformations afezgy. In a constructed wetland, the
food web is fueled by influent wastewater, whiclovpdes energy stored in organic
molecules. Microbial activity is particularly impgant in the transformations of
nutrients into varying biologically useful forms $8PA, 2000).

Microorganisms that naturally live in water, s@hd on the roots of wetland
plants feed on organic materials and/or nutriehtss treducing, breaking down or
completely removing a wide variety of contaminaintsn the wastewater. Functions
of wetlands are largely regulated by microorganismd their metabolism (Wetzel,
1993). Microorganisms are ideally suited to thekta$ contaminant destruction
because they possess enzymes that allow them tenwgenmental contaminants as
food and because they are so small that they deetalzontact contaminants easily
(Francis, 1996). Many of the widely distributed migrganisms in nature possess the
ability to utilize hydrocarbons as the sole souwfe carbon (energy) in their
metabolism. The microbial utilization of hydrocanisowas highly dependent on the
chemical nature of the components within the petnoi mixture, and environmental
determinants (Atlas, 1981). The microbial commuragsociated with the plant
rhizosphere creates an environment, which enhaheedegradation of many volatile
organic compounds (Pardue et al.,, 2000). Consttugtetlands depend on the
indigenous microorganisms in presence of suffic@atgen and nutrients to break

down hydrocarbons and other organic contaminants.
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Microbial populations adjust to changes in the wadelivered to them.
Populations of microbes can expand quickly whensgmeed with suitable
environment and energy-containing materials. Whenrenmental conditions are no
longer suitable, many microorganisms become dorraadtcan remain dormant for
years (Hilton 1993). Microbial performs very impamt activities in wetlands such as;
transforming a great number of organic and inor@aunibstances into innocuous or
insoluble substances, alters the reduction/oxidgtiedox) conditions of the substrate
and thus affects the processing capacity of thdame&t and is involved in the
recycling of nutrients (US EPA, 2000). Many micreb&re capable of functioning
under both aerobic and anaerobic conditions (fattué# anaerobes) in response to
changing environmental conditions. In aerobic irasion, microbes use Oto
oxidize part of the carbon in the contaminant tdoa dioxide (CQ), with the rest of
the carbon used to produce new cell mass. Thusnidgjer byproducts of aerobic
respiration are carbon dioxide, water, and an aszd population of microorganisms
(Francis, 1996, Christensen, et al., 1996, RisdreRe, 1992,). Microbial
transformation of organic contaminants normallyuwscbecause the organisms can
use the contaminants for their own growth and répecton. Organic contaminants
serve two purposes for the organisms: they progideurce of carbon, which is one
of the basic building blocks of new cell constittegnand they provide electrons,
which the organisms can extract to obtain enerdyiéfensen, et al., 1996).

Microorganisms gain energy for growth and reprodunctby catalyzing
energy-producing chemical reactions that involveakng chemical bonds and
transferring electrons away from the contaminarte Energy gained from these
electron transfers is then "invested," along witime electrons and carbon from the

contaminant, to product more cells (Christensean).efl996, Riser-Roberts, 1992).
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However, microorganisms do not always gain energgmf degradation of
contaminants; instead, degradation may be an intatleeaction, commonly referred
to as "secondary utilization" or "cometabolism", exdn the presence of primary

substrates to support microbial metabolism is megu{NRC, 1993).

2.4. Hydrology

Hydrology is probably the single most important edetinant for the
establishment and maintenance of specific typewetifands and wetland processes
(Mitsch and Gosselink, 1984}. is the permanent or periodic saturation of a weltlan
area that results in the anaerobic conditions enshil under which typical wetland
biogeochemical processes occur (Sheoran and Sh&f@®). These processes cause
the development of characteristic wetland soilsjctvhisupport a dominant plant
community adapted to living in saturated soils @dit and Gosselink, 1993; ITRC,
2003). Gosselink and Turner, (1978) described tdrdiogy of a wetland to be
dependent on two parameters (the hydroperiod amathdef flooding). The
hydroperiod represents the integration of all wfland outflow components of the
water budget and is affected by numerous natureiofa such as topography,
geology, groundwater, subsurface soil charactesisiand weather conditions. The
hydroperiod is the seasonal pattern of the wateellevithin a wetland and
hydrologically characterizes each type of wetlakitfch and Gosselink, 1986). The
hydroperiod is the time during which the soil isdtled or saturated, expressed in
percentage, while the depth of flooding in a ndtwetland varies between +2 m and
—1 m relatively to the ground surface, with an agerof approximately +1 m. These
two parameters highly affect the characteristicg/gen concentration, pH, nutrients,

plants, etc) and stability of the wetlands (SchaX)6). However, this research
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showcases the case scenario where the hydrologycld are designed in a such a
way that the wetlands are temporarily flooded araingd on a regular basis, allowing
oxygen to be drawn in and regenerated in the |devels of the wetlands.

When the wetland is drained, the retreating watés as a passive pump to
draw air from the atmosphere into the matrix (Greeml, 1998; Suret al, 2003,
Zhao, 2004). The hydrological cycle can therefoee determined with precision.
Hydraulic Retention Time (HRT) is the average titha@t water remains in the
wetland and is an important variable in designing avaluating treatment efficiency
of wetland treatment systems (Hammer and Kadle83LHRT is one of the most
crucial factors in designing and operating a camséd wetland and variable in
determining the efficiency of settling solids, beeical processes, and plant uptake
(Kedlec and Knight, 1996). Nominal HRT is, in sonmstances, not necessarily
indicative of the actual HRT because it is basedh@nassumption that the entire
volume of water in the wetland is involved in thesf (Kadlec and Knight, 1996).

This can generate considerable errors in wetland KRtimations when a
relatively large volume of water remains stagnarmtheut taking part in the flow
movement. Under these circumstances, the actualwiRiend to be shorter than the
nominal HRT. One of the design consideration ogticould be the estimations of
HRT with the assumption that the hydrodynamic psses occur under steady-state
flow conditions. Existing wetlands are designedhvétwide range of HRT, generally
ranging from 2 to 20 days. However, wetlands wihdger HRT will result in an
increase of dissolved organic carbon leached freantplerived material (Pinnest
al., 2000). It is suggested that wetlands should lraw@nimum retention time of at
least 10-15 hours to achieve a high level of rerhe¥feciency (Shuteset al, 1999;

Ellis et al, 2003). However, hydrodynamics (fluid dynamicshizols the retention
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time of a wetland and thus the time available fatexr quality enhancement to take
place. Precipitation, surface water inflow andflout, groundwater exchange, and
evapotranspiration are the major factors influegehe hydrology of most wetlands.

A wetland's hydroperiod integrates all aspectst®fwater budget (rainfall,
evapotranspiration, runoff from adjacent areaspding, net seepage of ground
water). In a hydrologic balance, these componergsrepresented by the following

equation (Reinelt et al., 1993):

P+I1+-G+/-S=ET+0 2-1

Where P = precipitation; | = surface inflow; G =-ogndwater exchange, S = change

in wetland storage, ET = evapotranspiration; arnel <dirface outflow.

The balance of inflows and outflows of water througy wetland defines the water

budget and determines the amount of water storéadnmhe wetland. Furthermore,

the simplified general equation describing the biayic balance of a wetland was

presented by Mariano (1999) as follows:

-0 =AV 2-2

Wherel are the different inflows into the wetlar@ the different outflows out of

the wetland and\V the change in volume of water storage within thdamel.

In addition to the water pumped into the wetlartigo positive inflow sources
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are precipitation, groundwater inflow, and seepdgmether with the water pumped
from the wetland, there are other negative outfmwrces (loss): evapotranspiration,
seepage, and aquifer recharge (Kadlec, 1983). dheAV represents the net change
in storage in the wetland, and is an important camept associated with any water
budget. With knowledge of the wetland area, thent&¥ describes the wetland water
regime, or seasonal pattern of the water stagdsnihe wetland. The terms in Eq.
(2-2) are not equally susceptible to measuremanheSterms are difficult to measure
and, therefore, are determined as a whole compdnestlving the budget equation.
That combined component also includes the residual associated with all terms
(Kadlec, 1983). The duration and frequency of sdioin or inundation of a site vary
according to the site’s hydrogeologic setting, #re/ depend on regional differences
in physiography and climate and on antecedent meistonditions (Skaggs et al.,
1991; Winter, 1992; Brinson, 1993a; Mausbach arah&idson, 1994). It is pertinent
to note that the constructed wetland area must Baffecient detention volume to
store the design inflow volume which contains tlilytants for required retention

time.

2.5. Types of constructed wetlands

There are several design approaches available dostmicted wetlands
(Kadlec and Knight, 1996). The basic classificatadrwetlands is based on the type
of macrophytic growth (emergent, submerged, freatiihg and rooted with floating
leaves) (figure 2-1), further classification is aky based on the water flow regime
(surface flow, sub-surface vertical or horizontalf (figures 2-1) (IWA, 2000).

Recently, the combinations of various types of tmased wetland systems

(so-called hybrid systems) have been used to estthedreatment efficiency
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VI. Pond/wetland systems

Figure 2-1.Schematic representation of different types of toged wetlands (I, 11,

[l after Vymazalet al, 1998b; IV after Van Ackeet al, 2005; V after De Wilde and
Geenens, 2003; VI after Stottmeister et al, 2003p@xd with free-floating plants; B,
horizontal surface flow wetland or pond with emergeater plants; C, horizontal

subsurface flow wetland; D, vertical flow wetlan@yymazal, 2005).
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However, for the purpose of practicability, destiap of constructed wetlands types
in this content focuses on water flow regime typesh as; surface flow, subsurface
flow and hybrid system. Subsurface flow construstedlands are further subdivided

into horizontal and vertical flow.

2.5.1. Surface-flow system

The Surface Flow (SF) also known as Free WateraSar{FWS)wetland
(Figures 2-1b and 2-2) typically consists of a Ehvalbasin or channels with some
type of barrier to prevent seepage, soil or angrothedia to support the roots of the
emergent vegetation, and water at a relativelylelatlepth flowing through the
substrate at low velocities in a slow moving man&senface flow treatment wetlands
mimic the hydrologic regime of natural wetlands,end water flows over the soil
surface from an inlet point to an outlet point or,few cases, is totally lost to
evapotranspiration and infiltration within the veettl (Knight et al., 1999; Scholz et
al., 2007). The wetland is flooded from the top arater flows horizontally on top of
the wetland soil, infiltrates the soil or is evagied as the water surface is exposed to
the atmosphere (US EPA, 1993). The water is digidb on the ground surface and
allowed to flow on top of the ground surface uwcbllected at the outlet. The first
full-scale surface flow constructed wetland (CW)svinauilt in The Netherlands to treat
wastewaters from a camping site during the perf@ggir3+1969 (Vymazal, 2005). Reed
and Brown (1992) characterize this type of wetlasanost closely mimicking natural
marshes. These wetlands involve dense vegetatwthanwater is treated as it flows
along the surface. Surface wetlands may also hgamnd with standing water several
feet deep for either aesthetic or wildlife valueirf8ce flow wetlands have some

characteristics in common with facultative lago@i$kRC, 2003). Tchobanoglous and
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Burton (1991) observed that facultative ponds aeful for pretreatment of primary
effluent or certain industrial wastes. Wetland gsses occurring in deeper zones are
nearly identical to processes in the deeper zohesmds with a surface autotrophic
zone dominated by planktonic or filamentous algarepy floating or submerged
aquatic macrophytes (Kadlec, 2001). Anaerobic nhiesodominate these deeper
zones in the treatment wetland due to the abseihorygen and light. However, the
wetland does not resemble a facultative lagoonoatz closer to the surface. This
could be attributable to wetland plants that cootl ahade the surface therefore
lowering algal growth and limiting water column pesses that produce dissolved
oxygen (Kadlec, 2001). Another important differensethat surface flow wetlands
tend to have higher net carbon production thanltfattve ponds. This is because of
the high gross primary production in the form alustural carbon accompanied by
the resistance to degradation and low organic carb@composition rates in the
oxygen deficient zones (Kadlec, 2001). These diffees between wetlands and
ponds/lagoons results in differences in biogeochahuycling and therefore wetlands
can not be treated as ponds or lagoons. Surfadandstare usually not the preferred

type in cold climates.

Inlet
Device

Qutlet
Device

Receiving
_____ 3 Water

Figure 2-2. Typical configuration of a surface flovetland system (after Kadlec and
Knight, 1996)
This is because they tend to freeze over in thdentime, which results in

significantly lower contaminant removal rates. Rert reductions in removal
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efficiencies arise from the loss of volatilizatiand oxygen transfer (ITRC, 2003).

2.5.2. Sub-surface-flow

Subsurface Flow (SSF) Wetlands are generally coctetri with a porous
material such as soil, sand, or gravel for a sabstiSSF also known as reed beds,
rock-reed wetlands, gravel beds, vegetated submieogds, and the root method.
Reed beds and rock-reed wetlands use sand, gaavalck as substrates, while the
root method uses soil. Subsurface flow construstedlands first emerged as a
wastewater treatment technology in Western Eurcgeed) on research by Seidel
(1966) commencing in the 1960s, and by Kickuth {)9@ the late 1970s and early
1980s. They are designed so that water flows bejosund surface through the
substrate (ITRC, 2003). In subsurface flow wetlaride wastewater flows through a
constructed media bed planted with wetland platd§ EPA, 1993). In these
wetlands, wastewaters are treated as they entexsgtih an inlet distributor and flows
slowly below the ground surface, passing through shoots and/or root-zone of
wetland plants until it reaches the outlet colleetsystem. The depth of the flow-
through for a constructed wetland is generally leetw 0.6 to 0.3 meters (Cooper,
1993). Bed depth is normally shallow because attgredepths the roots and
rhizomes get smaller and weaker. Any depth lesa ;& meters decreases the
effectiveness of the treatment zone. The beds ammally sealed on all sides with
either clay or a plastic liner/membrane to prevksatkage. Gravel beds that use
uniform gravel in the range of 3 to 10 millimetdrave been shown to work best
(Cooper, 1993). The rhizomes of reeds and othecispegrow horizontally and
vertically, which provides openings in the bed twwde a hydraulic pathway

(Cooper, 1993).
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The wastewater flowing through the bed comes irdgotaxt with various
aerobic, anoxic, and anaerobic zones. A SSF wettantbines aerobic, anoxic and
anaerobic zones. Water purification, achieved thinomicrobiological, physical a
chemical processes, mainly takes place in the aemume, which is situated in the
rhizosphere. SSF wetlands have the primary betiefitwater is not exposed during
the treatment process, minimizing energy lossesutiir evaporation and convection.
This makes SSF system more suitable for winteriegpdn (Wallaceet al, 2000). In
the rhizosphere, large populations of common atéerand aerobic bacteria grow.
These bacteria can breakdown the contaminantsadtideen shown that bacterial
population levels in the rhizosphere are enhanceaxXygen transfer from plants
(Kadlec, 2001). Aerobic zones are located arourddbts and rhizomes of the plants
because of their ability to transport oxygen dowont the leaves and stem into the
rhizomes and out through the roots (Hiegel, 200gtland plant species do this
because of a unique characteristic that allow thtemadapt to anaerobic soil
conditions. The plants develop internal air spaatied aerenchyma that transport the
oxygen into the root zone. These air spaces campgcgp to 60% of the total tissue
depending on plant species (Reddy and D’Angelo719Bhe oxygen is transported
through molecular diffusion as a result of pargedssure gradients and mass flow as
a result of temperature and humidity induced pmezstion (Reddy and D’Angelo,
1997). This then stimulates the growth of aerolgictéria and helps remove BOD and

nitrogen by promoting oxidation-reduction reactiamshe rhizosphere.

There are two basic types of SSF wetlands: horatdldw (HF) and vertical
flow (VF). Both allow water to flow through permdaproot-laced media, but some

vertical flow systems combine an organic substvatk the permeable media. Large
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populations of bacteria and beneficial fungi livethe beds as biofilm attached to the
media surfaces. VF systems have removal mecharsisnigr to those of HF systems
but completely different hydraulics.

The advantages of SSF systems include increassithiat efficiencies, fewer
pest problems, reduced risk of exposing humans itlife to toxics, decreased
waterfowl use (advantageous near certain facilisigsh as airports), and increased
accessibility for upkeep (no standing water). Sulase-flow systems have the
advantage of requiring less land area for wateatinent, but are not generally as
suitable for wildlife habitat as are surface-floenstructed wetlands. The substrate
provides more surface area for bacterial biofilnovgh over an SF wetland, so
increased treatment effectiveness may require smlalhd areas. Saving land area is
important at many installations and translates nettuced capital cost for projects
requiring a land purchase. SSF wetlands are alsierbsuited for cold weather
climates since they are more insulated by the e&itrally, many industrial waste
streams, such as landfill leachate, can be treateded-bed systems with minimal
ecological risk since an exposure pathway to hazerdubstances does not exist for

wildlife and most organisms (ITRC, 2003).

2.5.3. Horizontal-flow system

Horizontal flow (HF) systems (figures 2-1c and 2&8§ designed in such a
way that water flows in a horizontal direction witke inlet at one end and the outlet
at the opposite end. Surface Flow constructed wettystems did not spread
throughout the Europe but constructed wetlands Wwithzontal sub-surface flow
horizontal flow systems became the dominant typ€Wfs in Europe. However, the

first full-scale horizontal flow system was built 1974 in Othfresen in Germany
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(Vymazal, 2005). Vymazal (2005) also stated thatehrly horizontal flow systems in
Germany and Denmark used predominantly heavy safilsn with high content of
clay. These systems had a very high treatment telffgic because of low hydraulic
permeability, clogging occurred shortly and thetsys resembled more or less
surface flow systems. Kickuth (1977) proposed the af cohesive soils instead of
sand or gravel; the vegetation of preference Rlasgmitesand the design flow path

was horizontal through the soil media.

Figure 2-3. Schematic representation of a stangkmted constructed wetland with
horizontal sub-surface flow (after Vymazal, 2001): inflow; 2: distribution zone
filled with large stones; 3: impermeable layer;adjgregates (e.g. gravel, sand and
crushed stones); 5: macrophytes; 6: outlet coliecto collection zone filled with

large stones; 8: water level; 9: outflow.

The original concept as developed by Seidel ireduch series of beds
composed of sand or gravel supporting emergenttiagquegetation such as cattails
(Typha)bulrush (Scirpus),and reedgPhragmites),with Phragmitesbeing the most
commonly used. Excellent performance for removal B®Ds TSS, nitrogen,

phosphorus, and more complex organics was claitd8dePA, 1993).
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2.5.4. Vertical-flow system

Vertical flow wetlands (figures 2-4) originally deteped by Seidel (1967) are
above ground constructions either built of imperbieamaterials or lined with
synthetic or clay materials to prevesgiepage to the groundwater. In vertical flow SSF
system, the surface of the wetland floods to aldepseveral centimeters then slowly
percolates downwards through the granular mediangaihg filtration and coming
into contact with the dense microbial populationglwe surface of the media particles
and macrophyte roots. Vertical flow wetlands canshturated with water or dried,
thus enabling oxygen to be regenerated in all anééise wetland which are usually
flooded and anaerobic.

Vertical flow systems are becoming more populantbi@e horizontal flow
systems. The reason for growing interest in usiedical flow systems are (i) they
have much greater oxygen transfer capacity regultingood nitrification, (ii) they
are considerably smaller (1-2%me) (pe means person equivalent (equal to one
person living continuously in catchment area fortlared treatment)) than the HF
system which need 5-10%pe for secondary treatment, (iii) they can effitig
remove BOR, COD and bacteria (Cooper, 1999, USEPA, 2000)cdmparison,
horizontal flow systems tend to be oxygen limitetduse wetland vegetation cannot
supply the oxygen at a fast enough rates compar#dtetwastewater requirement and

therefore tend to be unable to nitrify to high levé&adlec, 2001).
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Figure 2-4. Schematic representation of a stanplardted constructed wetland with a

vertical flow (after Coopeet al, 1996)

Upward vertical flow systems are a very new concapd have only been

tested at smaller scale sites and there have eatrinany long-term studies conducted

(Kadlec, 2001). Another variation of the verticli system involves the addition of

passive aeration (Kadlec, 2001). In these systémasbed contains small diameter

gravel over a rock layer. Within the rock layer rthes a network of perforated

aeration pipes. The network is vented verticallyotigh a riser pipe. Wastewater is

applied to the top of the bed and flows verticalywwnward through the bed until it

reaches the drainage system located in the ro@k.l&yhen the bed is being drained

the water quickly drains out of the bed and aithesn drawn into the bottom of the

bed. This causes bubbles to migrate to replacedthming water. As wastewater

enters from the top and flows to the bottom of ltlee, it traps the air and forces it

upward through the bed. Draining of bed allows neffeeient BOD and ammonia-N
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removal compared to the continuously saturatedgamgkrally anaerobic horizontal-
flow system (Cooper, 1996; Magmed@t al., 1996). Vertical flow constructed
wetlands have more equal root distribution and mattet contact and fewer problems
of bad odor and proliferation of insects since theynot have a free water surface

(Haberlet al, 1995; Cooper, 1999).

2.5.5. Hybrid system

A hybrid system is a combination of two or morefaiént systems. Hybrid
systems are comprised most frequently of vertitmad f(VF), horizontal flow (HF)
and stabilization pond systems arranged in a stagether. Different layouts include
single-cell, dual-cell in series, or multiple-céparallel or in series). While some
constructed wetlands are solely water based systartegrated Water Strategies
combines soil wetlands with the moisture regimegefiodically flooded wetland
environments. These types of Constructed Wetlaatsy called hybrid systems,
allow for periods of dry, aerobic conditions thastin more complete pollutant
removal. Hybrid system is used in the present rekegvertical-flow with
stabilization pond). As the wetlands are filledtaghe top, the filter media is covered
with water. The top layer of the wetlands can thercompared to a stabilization pond
and the bottom part of the filter acts as vertitav wetland (Kedlec and Knight,
1996). The particular system designed for this ystwaén be classified as a
combination of a vertical-flow wetland system anéheultative pond. A facultative
pond is made of three different strata: the surfamee, which is aerated naturally; an
intermediate zone which is both anaerobic and aeraind a bottom layer which is
anaerobic (more detail presented in chapter 3). gtred must not be too deep,

otherwise light penetration is impeded and the @iae zone increases.
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In late 1990s, the inability to produce simultarggunitrification and
denitrification in a single horizontal flow or vexal flow and thus remove total
nitrogen lead to the use of hybrid systems whiahlzioe various types of constructed
wetlands. The concept of combination of variousesypf filtration beds was actually
suggested by Seidel in Germany in the 1960s bwt faw fullscale systems were
built (e.g. Saint Bohaire in France or OaklandskRarUK) in 1980s and early 1990s

(Vymazal, 2005).

2.6. Application of temporarily flooded wetlands

The temporarily flooded wetlands as applied in thiseegsh is a hybrid (a
combination of vertical-flow and stabilization pgndlesign system which is
rhythmically (temporarily flooded) filled with wastvater then drained, and similar
system (tidal vertical-flow constructed wetland®h4o et al, 2004) was used
elsewhere. This kept attracting significant atmtidue to its highly efficient
treatment potential and relatively low operatiostcén recent years, several studies
have shown much progress in the design, operationhparformance reliability of
treatment wetlands by developing novel treatmerttands, such as tidal flow system
(Greenet al, 1998; Zhao et al., 2004; Senal, 2005), aerated systems (Bezbaruah
and Zhang, 2003; Wallace et al, 2004; Lee, 200%) @mbination of constructed
wetland with other treatment systems (Obarska-Pem@k and Klimkowska,,
1999). Zhao et al., (2004b) demonstrated that aetptzased tidal flow reed bed
system produced the highest pollutant removal iefies with a relatively short
saturated period and long unsaturated period, igigtithg the importance of oxygen
transfer into reed bed matrices during the treatnfeurthermore, tidal vertical-flow

constructed wetlands have potential to enhanceetmeval of BOD through aerobic
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decomposition and removal of ammonium-N throughifigation, as maximum
pollutant-biofilm contact is established and théeraf oxygen transfer increased
during the operation (Suet al, 2005). Zhao et al., (2004b) also demonstratatl th
application of the tidal flow system achieved patege removals of 86% and 78%
for COD and BOD from initial levels of 4,254 mg/l and 3,150 mgf#spectively,

under the hydraulic retention time of five hours gay.

2.7. Removal mechanisms of a constructed wetland

Constructed wetlands are highly complex systens #eparate and
transform contaminants through several mechanisniseawastewater flows through
the system (Figure 2-5). IWA specialist group (200@@scribed the mechanisms
involved in constructed wetlands as follows: Chehitansformation of pollutants
(i.e. ammonification of nitrogen), settlement o§ganded minute solid particles to the
base of the system, filtration and chemical préaffmn via the interaction of the
effluent and the substrate and litter, breakdowd ansformation and up take of
pollutants and nutrients by microorganisms and tplambsorption and ion exchange
on the surface of the plants, substrate, sedimahtlitier, predation and natural die
off and settling of suspended particulate matter.

The predominant mechanisms and their sequencadtiioa are dependent on
the external input parameters to the system, thernal interactions, and the
characteristics of the wetland. The external inpatameters most often of concern
include the wastewater quality and quantity and $lystem hydrological cycle
(USEPA, 2000). The mechanisms used for treatmeatadntaminant depend on the
specific contaminant, site conditions, remedialecbyes, and regulatory issues

(ITRC, 2003).
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Figure 2-5. Processes Occurring in a Wetland (&ftieC, 2003)

Processes taking place in a constructed wetland lmeagrouped as abiotic
(physical/chemical) or biotic (microbial/ phytolegi). Wetlands are capable of
providing highly efficient physical removal of camiinants associated with
particulate matter in the wastewater. The primahyspal processes that are
responsible for contaminant removal in a constdictetland include settling and
sedimentation. Settling and sedimentation achidfieient removal of particulate
matter and suspended solids (Kadlec and Knight619BRC, 2003). Biological
removal processes probably is the most importatitwaey for contaminant removal
in wetlands. These transformations are a resulihefhigh microbial activity that
occurs in the wetland soils. Biological removal maisms include aerobic microbial
respiration, anaerobic microbial fermentation andthmnogenesis, plant uptake,
extracellular and intracellular enzymatic reacticastibiotic excretion and microbial
predation, and die-off (ITRC, 2003). The coupledagmsses of nitrification and

denitrification are universally important in thecting and bioavailability of nitrogen
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in wetland and upland soils (Mitsch and Gosseli#93; Reddy and D’Angelo, 1994;

Kadlec and Knight, 1996; DeBusk, 1999). Most palhittransforming chemical

reactions occur in wetland water, detritus, andtadosoil zones.

In addition to

physical and biological processes, a wide rangehefical processes are involved in

the removal of contaminants in wetlands. Howeves,grimary contaminant removal

mechanisms are summarized in table 2-1 below.

Table 2-1. Summary of Primary Contaminant RemovathMnisms

Contaminant / Mechanism
Water quality variable Physical Chemical Biologich

Oxygen demand

* Biological oxygen demand Settling Oxidation Bigdedation

« Chemical oxygen demand Settling

Hydrocarbon:

« BTEX, TPHs, Fuels, oil and grease VolatilizatioRhotochemical Biodegradation/

e PAHS, chlorinated and Diffusion oxidation Phatgdadation/
nonchlorinated solvents Settling Photovolatilization/
pesticides, herbicides, insecticides Evapotranspiration

Nitrogenous Compounds Biodenitrification

« Nitrate-nitrogen, Ammonia-nitrogen Settling Nitrification
Organic N, N@ Plant uptake

Phosphoric Compounds

* Ortho-phosphate-phosphorus Settling PrecipitatiopriMicrobes
Organic P Adsorption Plant uptake

Metals

* Al, As, Cd, Cr, Cu, Fe, Pb, Mn, Settling Preapion/ | Biodegradation/
Ni, Se, Ag, Zn adsorption/ phytodegradation/

ion exchange

phytovolatilization

Pathogens

UV radiation

Die-off Microbes

(Sources: Kadlec and Knight, 1996; Hammer, 1997sig 1993; Horner, 1995;

ITRC, 2003)
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2.7.1. Organic compound removal

Wastewaters contain a wide variety of organic cammog, which are
measured as BOD, COD, and total organic carbon ({TGI§drocarbons and other
priority organic compounds are another group oft@mmnants that has the potential
to affect the habitat value of treatment wetlankdse main routes for organic carbon
removal include volatilization, photochemical oxida, sedimentation, sorption, and
biodegradation (ITRC, 2003). Toxic organics canargd wetland treatment in the
same manner as natural organic matter. The orga@icsbe removed by aerobic
microbial breakdown, anaerobic microbial breakdowmegetative uptake,
volatilization, photolysis, chemical hydrolysis,rgtbon and burial in the soil (Reddy
and D’Angelo, 1997). The removal method dependshentype of compound and
chemical/biological condition of the soil water. té&ding the temperature, light
intensity, nutrient availability, electron accepéwmailability, or organic matter content
changes the processes that take place and theedegshich they can occur.

Constructed wetlands usually provide high BOD reatdWymazal, 1999;
Neralla et al, 2000; Leuderitzet al, 2001). Organic contaminants sorbed onto
particles flowing into the wetlands settle out he tquiescent water and are then
broken down by the microbiota in the sediment lay&e accumulated organic matter
potentially contributes to the clogging of pore &ggmin wetlands and may ultimately
leads to a decline in wastewater retention time wadtliction in the efficiency of
nutrient removal (Nguyen, 2000). Volatilization maijso be a significant removal
mechanism in the microbial breakdown products ghaics. Organic matter contains
about 45-50% carbon. BOD is a measure of the oxygmguired by the

microorganisms to oxidize the organic matter. Co@teal (1996) observed that the
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uptake of organic matter by the constructed treatnveetlands macrophytes is

negligible compared to the biological degradation.

2.7.2. Hydrocarbon removal

Hydrocarbons consist of a broad range of compourats, naturally occurring
and anthropogenically developed, whose charadteyiate primarily determined by
the arrangement of carbon and hydrogen compoufi@C(l 2003). Chemically, they
can be divided into two very broad families - thiglaatics and the aromatics.
Aliphatics can be further divided into three mampings - the alkanes, the alkenes,
and the cycloalkanes. Aromatic compounds have anenare benzene rings as
structural components to them. Benzene is a caripgnthat always consists of six
carbons atoms and six hydrogen atomgHgE The more common simple aromatics
encountered as environmental pollutants includeém®s, toluene, ethylbenzene and
xylene (BTEX) (ITRC, 2003). The classes of compaurade susceptible to the
degradation processes typical to constructed watlaBenzene contamination is a
significant problem. It is used in a wide rangenmdinufacturing processes and is a
primary component of petroleum-based fuels. Benzena hydrocarbon that is
soluble, mobile, toxic and stable, especially iaugrd and surface waters. It is poorly
biodegraded in the absence of oxygen (Coates, €t919).

Exploration, production, refining, storage, trangaton, distribution and
utilization of petroleum hydrocarbons have broughbut frequent occurrences of
water and soil contamination with hydrocarbon (Atland Cerniglia, 1995). The
pollution of the environment increases as petroléyadrocarbon continues to be used
as the principle source of energy. These probleften aesult in huge disturbances

and disastrous consequences for the biotic andialsomponents of the ecosystem
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(Mueller et al., 1992). Even small releases of gdetrm hydrocarbons into aquifers
can lead to concentrations of dissolved hydrocaslfanin excess of regulatory limits
(Spence et al., 2005). Since 1995, journal artiale symposia proceedings indicate
the petroleum industry’s interest in using condedcwetlands to manage process
wastewater and storm water at a variety of indtatia including refineries, oil and
gas wells, and pumping stations (Knight, 1999). &tea of emphasis in this research
is the use of constructed wetlands for treatmerdisgolved petroleum hydrocarbon
compounds. Petroleum hydrocarbon wastewaters comanoaromatic hydrocarbons
(i.e. benzene, toluene, ethylbenzene and xylenaghwhre commonly found in
gasoline, and are highly volatile substances (Gpd602). Petroleum hydrocarbon
wastewaters contain also pollutants such as CODD,B@trogen and phosphorus
(Knight et al, 1999). However, the major focus be tpetroleum industry is on
assessing the removal efficiency of hydrocarbons.

Nevertheless, COD and even BOD removal efficientoesvetlands treating
toxic hydrocarbons are comparable to wetlands itgatther types of wastewater
(Knight et al, 1999; Ji et al, 2007). Due to theilatively high solubility and toxicity,
they represent a significant health risk in conteated environments. Of all of the
BTEX compounds, benzene is of most concern, beciéusethe most toxic and a
well-known human carcinogen. The benzene ring ishamical structure that is
common in nature. Moreover, the thermodynamic Btabof the benzene ring
increases its persistence in the environment; thieremany aromatic compounds are
major environmental pollutants (Dagley, 1986; Dia@p4). Their major industrial
source is petroleum and natural gas, formed geachéynfrom biomass under high
pressure and temperature (Heider et al, 1998). Aterhydrocarbons are one of the

most abundant class of organic compounds and toests of petroleum and its
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refined products. Monocyclic aromatic hydrocarbare of major concern, because of
their toxicity, high solubility and ability to migte within groundwater. These BTEX
compounds are of primary discharge concern fomter quality of receiving waters
(Caswell, 1992). The BTEX fraction of total volatilhydrocarbons is primarily
responsible for most of the total toxicity in gaselcontaminated groundwater.

Hence, an attempt to reduce toxicity requires targehese compounds for
destruction. Many components of hydrocarbon miduase toxic and relatively
soluble in water. In natural gas, benzene conceotiatypically range from about 0O
to 1,000 mg [%; in crude oils from virtually zero t010, 000 mg (Janks and Cadena,
1991). Benzene has relatively high water solubilit},780 mg L[Y). Water
contamination by oil exploration and production @®ns, tank farms, underground
storage tanks leakage and refineries have becoroeneern to the oil and gas
industry. Kadlec and Knight (1996) indicate thae tmajor mechanisms for the
removal of hydrocarbons via constructed wetlanésvatatilization and biological or
microbial degradation, others were photochemicalation, sedimentation, sorption,

chemical precipitation and filtration (figure 2-6).
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Figure 2-6. Hydrocarbon removal processes in a adt(after Komex International

Ltd 2001)
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Volatilization is the principal degradation pathwiay the alkanes, while the
aromatic compounds - likely to be more water s@uliend to be acted upon by other
processes upon dissolution in water (Wallace, 2001)general, high-molecular-
weight compounds degrade more slowly than lowerecwhr-weight compounds.
Significant proportions of hydrocarbon removal ioenstructed wetlands occur
through volatilization and biodegradation.

Degradation occurs both aerobically and anaerdijcdepending on the
oxygen supply and the molecular structure of themaund. As oxygen is the most
thermodynamically favoured electron acceptor usethizcrobes in the degradation of
organic carbon, rates of biodegradation of hydiomas in aerobic environments is
more rapid than in anaerobic environments. Plargsige oxygen to the rhizosphere
thus creating an aerobic environment. This in tswpports microbial communities
that can either directly biodegrade or catalyzenubal reactions and maintain the
biotransformation process. Bacteria that are ca&pabldegrading volatile organics
such as BTEX have been found in the rhizosphergaiSet al., 1997). Furthermore,
numerous benzene-degrading aerobic microorganisvs been identified; the most
notable are thd’seudomonaspecies, which may account for up to 87% of the
gasoline-degrading microorganisms in contaminatgdifers (Ridgeway, 1990).
Petroleum wastes are documented to degrade in ahatetland environments
(Wallace and Knight, 2006; Wemple and Hendricks,00 Benzene is
biodegradable, particularly in the presence of exy(Alexander, 1999). Benzene
degradation has also been demonstrated in thenmeesé nitrate-nitrogen (Burland
and Edwards, 1999). Many studies have shown thatroivial degradation of

petroleum hydrocarbons in the environment is stsomgfluenced by physical and
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chemical factors such as temperature, oxygen, emis; salinity, pressure, water
activity, pH, and the chemical composition, physiate, and concentration of the
contaminant; and by biological factors such ascttraposition and adaptability of the
microbial population (Zhou and Crawford, 1995). Bese biodegradation and
evaporation processes compete in removing petroleydrocarbons, biodegradative
losses can not be differentiated clearly from vligtlosses (Zhou and Crawford,
1995). Wetland plant selection is important but astsignificant as having a good
microbial community (Baris et al., 2001). Howevére presence of other factors
common to wetlands (such as nitrate) that will eeag electron receptors during
anaerobic biodegradation of hydrocarbon compoundsaportant (ITRC, 2003).
Hydrocarbon degradation is less dependent on tiv@laeactions taking place
than it is on the processes occurring in the smadowg ecosystem (Sugai et al, 1997).
Aerobic biodegradation and volatilization consetuta coupled pathway that
contributes significantly to the natural attenuatiof hydrocarbon (Lahvis et al,
1999). Achieving high treatment performances withishort time is critical, so the
design can be amended to allow manipulations ofremmental conditions to
enhance dissolved hydrocarbon treatment. Envirotatheonditions to be taken into
consideration include dissolved oxygen (DO), pHmpgerature and nutrient
requirements (i.e. nitrogen and phosphorous) ofwiedand plants and microbes.
Associated contamination is therefore a major emvirental problem due to the
manufacture, transportation and distribution ofgetum (Atlas and Cerniglia, 1995).
Produced and wastewaters represent the largesteolsaste stream in the
exploration and production of oil. As the produciiigjd gets to maturity stage, the
volume of produced water exceeds up to ten timeddtal volume of hydrocarbon

produced (Stephenson, 1992). Treatment and dispbsach large volume is of great
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concern to the operator and the environment. Wadtew from the oil industry
contain aromatic hydrocarbons such as benzenegne]uethylbenzene and xylene
(ortho, meta and para isomers), which are highlylde, neurotoxic and cause cancer
(Hiegel, 2004). Due to their toxic properties amugistence in nature, biodegradation
processes and wetland remediation methods haeetatirgreat attention (llker et al.,
2000). Most of the traditional treatment technodésgused by the oil industry such as
hydrocyclones, coalescence, flotation, centrifugesl various separators are not
efficient concerning the removal of dissolved oilgartomponents including
aromatics in the dissolved water phase (Descoussal.e 2004; International
Association of Oil and Gas Producers, 2002). Hisatlly, the removal of organic
compounds from water by most of the traditionahtineent technologies has relied
upon exploiting density differences between watad d@he oils and/or organic
compounds to be removed.

Removal of BTEX compounds in constructed wetlandsucs through
volatilization and aerobic biodegradation (Steplensl1992). Biodegradation of
hydrocarbons is the result of the metabolic agtigit microorganisms. Metabolism is
a term that embraces the diverse reactions by wdieticroorganism processes food
materials to obtain energy and the compounds frdmelwcell components are made.
Biodegradation typically relies on heterotrophic crobrganisms; that is,
microorganisms that require carbon in the form elfatively complex, reduced
organic compounds (e.g., petroleum hydrocarbonkes& microbes rely on the
oxidation of these reduced organics in exotherregradation reaction sequences that
yield energy and the “building blocks” of biosynsie (Admire et al, 1995). To
biodegrade a given quantity of organic contaminantorresponding quantity of

oxygen is required. The equation that describesaerall stoichiometry of the
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oxidation of aromatic hydrocarbon compounds to eardioxide and water under

aerobic conditions is given below, using benzenanasxample:

CsHe (benzene) + 7.5 LgJoxygen) ---> 6CQ (carbon dioxide) + 3pO (water)  2-3

The balanced reaction indicates that 7.5 moles xygen are required to
metabolize one mole of benzene. Similar calculatican be made for toluene,
ethylbenzene and xylenes. Thus in the absencearbhial cell production, each 1.0
mg/L of DO consumed by microbes will mineralize rfgert completely to carbon
dioxide and water) approximately 0.32 mg/L of bereeor BTEX compounds
(Admire et al, 1995). Constructed wetland technglisgenvironmentally friendly and
less expensive than other physical-chemical methbesause it involves natural
processes resulting in the efficient conversiorhatzardous compounds (Ye et al.,
2006). Wetland systems are also innovative andpieesive treatment approaches
(Rew and Mulamoottil, 1999), which have the pot@ndf removing organics such as
aromatic components in the dissolved water phagk iaorganic compounds in
wastewater (Wallace and Knight, 2006). Construatedands offer the benefits of
natural wetlands, but can be "custom made" to rtreetreatment and construction
needs of each individual site. Despite the increagiopularity, the effectiveness,
environmental friendliness and positive economicsomstructed treatment wetlands,
the application of this novel wastewater treatmtahnology is still rare in the
petroleum industry. However, latest type of appiara of treatment wetlands in the
petroleum industry is just getting started with muaus pilot studies and a few full-

scale systems in operation.
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2.8. Treatment wetland models

The use of treatment wetlands continues to increasd so is our
understanding of their many varied, yet intercote@grocesses. Understanding of
the physical, chemical and biological processeswimteracts to remove pollutants
in a wetland is necessary for comprehensive moglel@ontributing to wetland
processes are soils, microorganisms, plant litted ahacrophytes. A principal
controlling factor is water movement patterns ie thetland as it determines the
extent of reaction for the pollutants of concerheTnvestigation of flow patterns and
mixing in a fluid system is a well established dief chemical engineering (Werner
and Kadlec, 2000). The standard procedure is teldpva model that produces
residence time distribution and use the model twide a simplified view of the very
complex system (Werner and Kadlec, 200®)st-order degradation model has been
widely used to predict removal performance forpalllutants such as organic matter,
suspended solids and nutrients in constructed mdgla Although there is no
convincing evidence that the rate of organic mattenoval is first-order, it is still
seen as most appropriate equation in light of mtekaowledge (IWA specialist
group, 2000; Surt al, 2005). However, wetlands are a natural systechpaacise
models are not available to size them for speapplications. Wetlands treating
municipal wastewater can be sized using a numbdrfigirent models that each use
different design parameters. Models based on detetime, hydraulic loading rate,
pollutant loading rate, pollutant uptake rate, patage of the contributing watershed,
design storm detention, and mass balance desiga lbeen used depending on the
wetland’s intended use and waters received (KaaelcKnight, 1996). In most of the
wetlands receiving mainly municipal wastewater, th@del parameters are based on

the removal of total suspended solids and bioch&lntgygen demand. The design
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and description of treatment wetlands are basedtwan important parameters:
hydraulics and pollutant removal. Some of the depigrameters that may be used to
model a wetland for design purposes include: evapspiration, flow averaging,
linear head loss, complicated geometries, mixinglids trapping efficiency,
accretion, bed clogging, and thermal consideratiorise summer and winter (Hiegel,
2004).

The first evaluations done on wetlands models wewl Darcian flow in
subsurface flow systems and vegetated open chdlovelin free water surface
systems (Kadlec, 1997). These first evaluationgssigd using first order irreversible
pollutant reduction removal models for treatmentlavels. The first order models can
be of two types; the first type is area specifid amquires the acreage of the wetland
to be determined, while the second is volume sjgeaifd requires the wetland water
volume to be determined (Kadlec, 1997). These nasthoepresent outlet
concentrations based on the inlet concentratidow, fate, and area or volume. This
IS not a very accurate representation of what teadlly occurring in a treatment
wetland. There are a number of other variables ¢hatcause changes in the outlet
concentration not represented in the model. Unptablie fluctuations in input flows
and concentrations, changes in internal storageath&r, animal activity, and other
ecosystem factors can case the outlet concentragioise and fall (Hiegel, 2004).
Larger more complex models have been used to preditand performance based
on dynamic behavior of the various ecosystem commpnts and processes but these
have drawbacks too. The complex models requireslargounts of data for proper
calibration and use. Flow rates and concentrafionthe inlet and outlet are generally
insufficient for calibration. Also little is knowabout the numerous model parameters

(Kadlec, 1997). Calibrated compartmental models paovide more details on
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internal allocations of chemicals, but detaileded®inistic models may not provide
more accurate descriptions of overall wetland perémce (Kadlec, 1997). Because
of these problems in modeling wetland treatmentesys, only the simple models are
used for actual systems. Simple first order aresedbanodels have been used by
Knight in the petroleum industry which provided ighly simplified description of
the complex wetland carbon interactions (Knighalet1999). This can represent the
system fairly well with about 90% of the intrasystesariability. Simple models
assume steady state conditions. However, atmosplkentributions to the water
budget can cause temporary deviations from thismasd steady state condition.
Evapotranspiration is one of the main deviatiohsccurs during all daylight hours
but it may be suppressed during cloudy or rainyopst Evapotranspiration has two
effects: first, it lengthens the detention time aedond, it concentrates the pollutants.
Rainfall also changes steady state conditions. @dsmmade by rainfall are dependent
on frequency distributions of intensity, duratiamd inter-event spacing. Rainfall has
the opposite effects as evapotranspiration. Raisfadrtens the detention time and
dilutes the pollutants. Another potential changethte system is inlet wastewater
flows. Inlet flow can be subject to daily, weekby, seasonal variations, and random
upsets. Any of these changes are important toytkiers because they can change the
detention time and dilute or concentrate the paftitd in the wastewater stream.
These changes can also cause other problems bip@ltiee hydraulics of the system
caused by flooding or drying conditions.

Another important variable that must be considerechodeling wetlands is
temperature. Since many biological process rategeanperature sensitive, the rate
constants for wetland processes are also temperaéumsitive. However, the overall

pollutant removal involves many processes occursingultaneously. These involve
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physical processes such as sedimentation and @orpticrobially mediated storages
and conversions, uptake and storage in biota ofingursizes and life histories, and
transfers of other reactants, such as oxygen angbradioxide (Kadlec, 1997).
Because of all these processes and the seasoralorgrtemperature cannot always
be assumed to be the cause for changes in thamearioe of the system.

The simple steady state model used by Kadlec andghkKrf1999) in the

petroleum industry is

J=k(C=C) 2.4

Where J is the rate of contaminant removal {gyn), ka is the areal removal
rate constant (m ¥), C is the concentration (mg/L), and & the background
concentration (mg/L). Assuming the volumetric floate (Q) is constant along the
length of the wetland (by ignoring infiltration ammtecipitation), and assuming the
background concentration is zero for petroleum bgdrbons, yields the following

first order plug flow equation.

(C4/C)) = &R = kv 2.5

Where Gis the effluent concentration; I8 the influent concentration, A is the
subsurface area of the wetlandjsthe volumetric rate constant (d3yandr is the
hydraulic detention time (day@Xadlec and Knight, 1996). This model assumes plug
flow, which means that the flow is occurring in ymne direction and no mixing is
occurring, which seldom exists in wetland systefrtgs areal rate constant is only

applicable to one water depth and care must bentalteen applying it to another
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water depth. An alternative method is to use farster kinetics and a plug-flow
reactor with axial dispersion by simulating theuattflow by using a number of
complete-mix reactors in series. Studies have shthah a cascade of four to six
complete-mix reactors in series can be used to htbdegperformance of constructed
wetlands designed as plug-flow reactorites and Tchobanoglous, 1998)he

equation for complete-mix reactors is shown below.

(CNICo) = 1/(1+kVINQY 2.6

Where G is the effluent concentration from the Nth readtoseries (mg/L),
C,is the influent concentration (mg/L), k is the mleremoval rate constant (d3y
V is the total volume of the wetland Jjft N is the number of reactors, and Q is the
flow rate (ff/d).

These mathematical models are derived based omlyst¢éme, plug-flow
assumptions which combine removal processes andhbles affecting those
processes into single, first-order removal ratecfioms. Werner and Kadlec (2000)
suggested that a constructed wetland has an mfmitmber of ‘micro’ zones of
diminished mixing (ZDMs) all along a set of mainadmels. These zones are not
excluded ‘dead zones’, but they only exchange watigr the main flows on a limited
basis. Comparing wetland system to reactors; the fiav paths, from the inlet to
the outlet, are represented by a plug flow stagd, tae ZDMs are represented by
continuous stirred tank reactor (CSTRs). Thus,eheia plug flow section which has
CSTRs attached to it along its length. A parcelvater traveling along the plug flow
reactor (PFR) has a small probability of exiting AFR to enter one of the infinite

number of ZDMs.
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2.9. Role of temperature

Temperature is a major factor controlling the fatgetroleum hydrocarbons
within the aquatic environment, and the hydrocartiegrading microbial population
within an aquatic ecosystem is not necessarily i@dlapptimally to the seasonal water
temperature (Cooney, 1984). The United States Bnwmiental Protection Agency
(US EPA) conducted a subsurface flow wetland teldgyoassessment, and identified
high priority research topics including the tempera and seasonal effects on
wastewater treatment (US EPA, 1993). It followst ttemperature effects on the
performance of constructed wetlands are a key rfagtthe design and optimization
of constructed treatment wetlands for hydrocarkemaval. Temperature influences
petroleum biodegradation by its effect on the ptysihemical properties of the oill,
rate of hydrocarbon metabolism by microorganisnt @mposition of the microbial
community (Atlas, 1981).

Studies on temperature effect on wetland performdwawe been reported by a
number of researchers including Kadlec et al. (208@d Scholz et al. (2007).
However, these studies focused on constructed metldor wastewater treatment
targeting the removal of biological oxygen demandrogen, and phosphorous.
Kadlec and Reddy (2000) studied the temperaturerdimce of many individual
wetland processes and wetland removal of contangnansurface flow wetland.
They concluded that microbial mediated reactiores affected by temperature; the
treatment response was much greater to changes lawer end of the temperature
scale (<15°C) than at the optimal range (20 to B3°Grthermore, they observed that
the processes regulating organic matter decompnositere affected by temperature.

In colder climates, the overall treatment efficigng usually relatively low (Kadlec
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and Reddy, 2000).

There are conflicting opinions concerning temperatdependence within
constructed wetlands. Seasonal variations have tepemnted by several investigators,
with the worst performance occurring during the terr(Kuehn et al., 1995; Leonard,
2000; Karathanasis et al., 2003). It is uncertdietiver the poor winter performances
are due to low temperatures alone or the combiflegtewith increased hydraulic
loadings. Several studies have suggested negligdneperature dependence in
wetlands (Harbel et al., 1995; Knight et al., 1999mazal et al., 1999; Neralla et al.,
2000). Furthermore, this suggests that soil micsabevinter still have the capacity to
decompose organic matter and that low temperatae&nhance aerobic metabolism
through the increase of dissolved oxygen saturatMarious studies have also
considered the evaluation of the treatment efficyenf constructed wetlands as a
function of temperature depending on component$ | substrate composition,
degree of plant growth, seasonal changes in ewapsgiration rates, and microbial
activities (Chunming et al., 1999; Allen et al.020). For example, Rosso et al. (1995)
demonstrated the effects of temperature and pHioromal growth.

In a recent report for temperatures and energy dlda&sed on a study of water
temperatures in surface flow wetlands in hot atichate, Kadlec (2006) pointed out
three reasons for the importance of water temperatureatment wetlands:

1 Temperature modifies the rates of several key bio& processes;

2 Temperature is sometimes a regulated water quaditgmeter; and

3 Water temperature is a prime determinant of evdperawater loss

processes.
Several biogeochemical processes that regulaterghmval of nutrients in

wetlands are affected by temperature, thus inflignihe overall treatment efficiency
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(Kadlec and Reddy, 2000). The temperature conditiona wetland affect both the
physical and the biological activities in the systeThe biological reactions
responsible for biochemical oxygen demand remavgification and denitrification
are known to be temperature dependent (Reed anidnBa®95).

It follows that temperature is likely to be a siggant control parameter for wetlands
treating hydrocarbons. At low temperatures, theosgy of oil increases, while the
volatility of toxic low-molecular weight hydrocarhe reduces. This delays the onset
of biodegradation (Atlas, 1981). Temperature alaoously affects the solubility of
hydrocarbons (Foght et al., 1996).

Considering that the above documented researcbaitedi conflicting opinions on the
role of temperature, further studies identifying ttelationships between microbes,
variable climatic conditions and hydrocarbon remavi¢hin constructed wetlands are
required.

Seasonal variations of BOD removal efficiency ia tonstructed wetlands have been
also reported by several researchers, with thetvp@rdormance occurring during the
winter (Leonard, 2000; Karathanastsal, 2003). The poor winter performances as
pointed out previously is uncertain whether they due to low temperatures alone or

the combined effect with increased hydraulic logdin

2.10. Role of nutrients

Nutrients (particularly nitrogen and phosphoruse agssential for the
successful biodegradation of hydrocarbon pollutgdsoney, 1984). Mitsch and
Gosselink (1993) reveal that freshwater wetlands tgpically considered to be
nutrient limited due to the heavy demand for natseby the plants, and they could

also be nutrient traps, as a substantial amountutifents may be bound in biomass.
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Hence the addition of nutrients is necessary toaeoé the biodegradation of oil
pollutants (Choi et al, 2000; Kim et al, 2005). Hawer, studies in the past (Chaillan
et al, 2006) have shown that excessive nutrientcammnations can inhibit the
biodegradation activity, and several authors hap®nted the negative effect of high
nitrogen, phosphorus and potassium levels on thdelgradation of hydrocarbons
(Oudot et al 1998; Chiaeau et al, 2005), and particularly on the aromatic
(Carmichael and Pfaender, 1997). The use of std@ase fertilizers may provide a
continuous supply of nutrients, maintaining a uéint microbial activity that leads to
the reduction of bioremediation costs (Riser-Rahert992; Xu et al., 2003).
However, the role of nutrients is presented briefynsidering that it is not main

forces at work in this study.

2.10.1. Nutrient removal

High contents of ammonium in the wetlands would seawa significant
reduction of natural DO content by forming nitrated nitrite. Nitrate — nitrogen is a
nutrient which normally fertilizes the plants inethwetlands. For control of a
nitrification/denitrification-process in the constted wetland ammonia — nitrogen
measurement is a must. It is assumed that ammatidficprocess was also facilitated
by increased oxygenation in temporarily floodedaysused in this study.

Previous studies by Greeat al, (1998) and Kedlec and Knight, (1996) proves that
that microbial nitrification and denitrification e@rthe main nitrogen removal
mechanisms in most of the constructed wetlandgifisgtion, the conversion of
ammonium-nitrogen to nitrate-nitrogen, is importaetausd®.australisused in this
study takes up nitrate-nitrogen preferentially tmnaonia-nitrogen. Brix (1994)

reported that the uptake capacity of macrophytasughly in the range 20 to 250
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g/m’lyear and this amount can be removed if the biorisasarvested.

Immobilization into microbial cells is also majorogess of ammonia-nitrogen
removal in the constructed wetlands, because @ largount of organic matter is
removed by growth of microorganisms in wetlandgesys 0.074 g ammonia-nitrogen
can be immobilized for 1 g BOD removal by biomassimilation (Suret al, 2005).
Denitrification is the process in which nitratetragen is reduced to gaseous nitrogen.
This transformation is supported by facultative eanhes. These organisms are
capable of breaking down oxygen-containing compsusth as nitrate- nitrogen to
obtain oxygen in an anoxic environment that wasidant during the long periods of
filter flooding. This anoxic condition was periodllty provided by temporarily
flooding in both indoor and outdoor rigs.

Intermittently loaded vertical-flow system is knows quite efficient system
to provide oxygen. Intermittent loading facilitategygen transfer by drawing the
water table down periodically to allow oxygen tanptate into the deeper zones of
the wetlands. Furthermore, this study encouragetthpaeration by pipes installed to
ventilate the lower media layer. Oxygenation irermittently loaded vertical-flow
system increased several fold compared to the dvdak subsurface flow systems,
which may results in efficient nitrification procefGreeret al, 1998). In addition to
that, it is well documented that macrophytes re&easygen from roots into the
rhizosphere and this oxygen leakage stimulate dravftnitrifying bacteria (Brix,
1997). In comparison to the present system, despét the nutrient was increased
from 15g/I to 309/l which was high nutrient loadimgan attempt to verify their role
in hydrocarbon removal.

Sunet al (2005) also found that less than 10 % of ammoni@egen was

removed due to the nitrification in tidal-flow sgat treating high loads of
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wastewater. It is believed that high loads of organatter may have inhibited the
nitrification process because oxygen primarily ussdheterotrophic microbes to
removal organic matter and significant nitrificatiean not take place until BOD

drops to 200mg/I or below (Korkuset al, 2005; Su and Ouyang, 1996).

2.11. Summary

This chapter presented the historical developméntoostructed treatment
wetlands and documented evidence of early conceptshe technology. The
components and types of wetlands, the removal nmésina of contaminants in the
constructed wetlands were covered. The roles opéeature and nutrients in were
presented with special interest in their applicatio hydrocarbon treatment. The
chapter discussed hydrocarbon removal as relatetthisoresearch in detail. The
development of models that produces residence tmsgibution and the use of

models to provide a simplified view of the very quex system were discussed.
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Materials and methods

3.1. Overview

This chapter presents brief description of systelesign, construction and
analysis used in the study. Section 3.2 describesskperimental set-up, while the
sub-section describes wetland design and media @sitigns. Section 3.3 presented
operational conditions and other processes sudheasertilizer addition were also
documented. Section 3.4 describes various andlytieghods used for the water
guality variables determinations. Section 3.5 doent@d auxiliary experiment to
determine major hydrocarbon removal pathway, 3.6udwented risk assessment
prepared for the research, 3.7 presented limitationthe experimental design and

methods and 3.8 summarized the chapter.

3.2. Experimental set-up

3.2.1. Site description

The study was conducted between April 2005 and l62ctd?007. Two

experimental constructed wetland rigs treating bgdrbon contaminated simulated
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wastewater were designed, constructed and opeasifEide King’'s Buildings campus

at The University of Edinburgh, Scotland, UK. Theerimental rigs were designed
to assess the system performance. The constructtlhnds were designed to
simulate physical, chemical and microbiological ggsses occurring in full-scale
natural wetlands. Each rig comprised of six comséd wetlands. One rig was
operated in a temperature, light and humidity adlgd-room to allow control over

the major environmental boundary conditions. The atnatural passive treatment
systems such as constructed wetlands can be liltedany environmental factors
such as temperature and humidity.

The test room was equipped with a high specificatiait for climatic research and
was used in evaluating and optimizing the envirom@aefactors in the constructed
wetland. The indoor control unit is called DencacéabEnvironmental Control Unit,

and was supplied by Denco Limited (East Kilbridepttand, UK) (Figure 3-1).

Figure 3-1. Environmental Control Unit
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The indoor rig was located below three plant grolights (Sylvania 15 000 h, 36 W,
1200mm, T8 Grolux Fluorescent Tube; supplied byd farect Limited (Bletchely,
Milton Keynes, England, UK)) to simulate day andhticonditions. The temperature
and humidity values for the indoor rig fluctuateutially due to technical problems,
but constant temperature and humidity specificatioh15C and 60%, respectively,
were reached at a later stage during the experifreabmparison, the second rig was

operated outdoors under natural environmental ¢tondito assess seasonal changes.

3.2.2. Wetland design and media composition

Round grey polyvinyl chloride drainage pipes whiene resistant to
hydrocarbons, were used to construct the vertloa-fvetlands. All twelve wetlands
were designed with the following dimensions: height5 cm, diameter = 10 cm and
filled to a depth of 60 cm. Different packing orderangements of filter media and
plants were used to construct the wetlands (TaldleRgure 3-2). The wetlands were
packed with various compositions of layers of aggtes (filter media) such as
stones, gravel and sand to optimize subsurfaceahiiditreatment. The packing order
of the experimental constructed wetland set-uptler inside and outside wetland
aggregates varied in diameters. The diameters gfeggtes were: stones (37.5-75
mm); large gravel (10-20 mm); medium gravel (5-1@&)msmall gravel (1.2-5 mm);
and sand (0.6-1.2 mm). The outlet valves were éutat the centre of the bottom
plate of each wetland with 1.2 cm internal diameiayl tubing, and were used for
the regulation of flow and sampling. Passive aenatvas encouraged with a 1.3 cm
internal diameter ventilation pipe reaching dowrl@®cm above the bottom of each
wetland. Selected wetlands were planted viAtiragmites australigCav.) Trin. ex

Steud. (Table 3-1, Figure 3-2).
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The wetlands had different volumes depending orfemint layers of
aggregates. Different wetlands were similar to aasi other natural treatment
processes. For example, wetlands 5 and 6 (conteois)similar to wastewater
stabilization ponds (extended storage) considethmg they do not contain any
aggregate. Moreover, wetland 6 containing only watel fertilizer can be considered
as a ‘blank’. In comparison, wetlands 2 and 4 amdlar to gravel and slow sand
wetlands. Wetlands 1 and 3 are typical reed bedsheg contain gravel, sand
substrate and nativie. australis all of similar total biomass weight during plargi
and from the same local source (Alba Trees Pubbever Winton, Gladsmuir, East
Lothian, Scotland). All wetlands were alternatinglyndated and subsequently fully

drained two times per week.

Table 3-1Packing order of the experimental constructed wedtket-up for inside
and outside wetlands.
Height (cm) Wetland 1 Wetland z Wetland 3Wetland £ Wetland 5 Wetland €
61-75 (top) ~ W+B+F W+F  W+B+F  W+F W+B+F  w+F
56-60  5+P+W+B+B+P+W+F5+W+B+F 5+W+F W+B+F  W+F
51-55  5+P+W+B+B+P+W+F5+W+B+F 5+W+F W+B+F  W+F
36-50  4+P+W+B+H+P+W+F4+W+B+F 4+W+F W+B+F  W+F
26-35 3+W+B+F  3+W+F3+W+B+F 3+W+F W+B+F  W+F
11-25 2+W+HB+F  2+4W+F2+W+B+F 2+W+F W+B+F  W+F
0-10 (bottom 1+W+B+F  1+W+F 1+W+B+F 1+W+F W+B+F  W+F

W: water; B: benzene; F: fertilizer (8 g of N-P-Kirislcle-Gro fertilizer were added to all wetlandemsvtwo weeks until 29 May
2006 when the concentration was increased to Fdagn 26 June 2006 onwards, the concentration wasrém to 15 g every
two weeks.); PPhragmites australi§Cav.) Trin. ex Steud. (nine plants of roughly dchiamass and strength per wetland); 1:
stones (37.5-75 mm); 2: large gravel (10-20 mm)m8dium gravel (5-10 mm); 4: small gravel (1.2-5 b1 sand (0.6-1.2

mm).
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Figure 3-2. Schematic representation showing théane set-up and internal structure of the

experimental constructed treatment wetland 1
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Furthermore, the wetland design of the bottom ldnges the highest hydraulic
conductivity to ensure fast drainage, while theltger (made of sand) has the lowest
hydraulic conductivity to induce ponding (figure33-of influent and thus uniform
distribution of flow across the filter media. Thedoor and outdoor wetlands (figures
3-4 and 3-5) designed for this study can be cli@skds a combination of a vertical-
flow wetland system and a facultative (stabilizajipond. A facultative pond is made
of three different strata: the surface zone, wihscherated naturally; an intermediate
(unsaturated) zone which is both anaerobic andéerand a bottom (saturated zone)
layer which is anaerobic (figure 3-3). Effluentvile vertically from the ponding zone
through the sand layer to the unsaturated gravelianeone and accumulate at the

bottom of the bed (the saturated zone) (figure.3-3)

e Aeration pipe
tslal)ilizalion pond | oot
unsaturated
Zone
A
saturated
Zone
4
Qutlet tube
?- Control valve

Figure 3-3. Schematic layout of the internal conipws of the wetland

Drainage of the effluent from the bottom of theefilcauses suction of fresh
air through the aeration pipes connecting the oaterosphere with the confined
space of the sub layers. During the full drainaighe wetland, oxygen depleted air is

continuously pushed out of the wetland through teration pipes due to
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accumulation of effluent in the saturated zonegitkd description of this operation is

documented in subsection 3.3.1 below).

Figure 3-4. Experimental vertical-flow wetland fagated outside The King's

Building’s campus (June, 2006)
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Figure 3-5 (a)
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Figure 3-5 (b)

Figure 3-5. Experimental vertical-flow wetland rigcated inside (Temperature,
humidity and partly controlled room) on The King&uilding’s campus (a) fully

controlled (June, 2006) (b) early control staget{®er, 2005).

3.3. Environmental conditions

3.3.1. Operation conditions

The wetland system was designed to operate in &deh mode to avoid

pumping and computer control costs.

76



Chapter 3

Two types of water were used for the study as itfleant: tap water and tap
water mixed with benzene. The mean tap water vahreBODs, COD, PQ*, NOs-

N, NH4-N, temperature, DO, pH, EC, redox and turbidityeve0.1 mg/L, <0.5 mg/L,
<0.05 mg/L, <0.1 mg/L, <0.01 mg/L, 11.9°C, 8.9 mg/L1, 290uS, 150 mV and 0.2
NTU, respectively. Wetlands 2, 4 and 6 receivedwager, while wetlands 1, 3 and 5
received tap water artificially contaminated witttc@ncentration of 1 gt benzene
two times per week.

In order to investigate the relationships betweetnient supply and benzene
removal, approximately 8 g of N-P-K Miracle-Gro tikzer (formerly Osmocote,
produced by Scot Europe B. V., The Netherlands) agaed to all wetlands every
two weeks until 29 May 2006 when the amount waseased to 30 g to assess the
effect of nutrient concentration increases on beezeemoval. Initial findings
indicated that excess nutrient supply seems to kaimgnzene removal as shown in
the result (chapters 5 and 6). Therefore, from@& 2006, the nutrient amount was
lowered to 15 g, and fertilizer was supplied evevp weeks. The purpose was to
investigate the effect of the decrease in nutrisapply on potential benzene
reduction. Moreover, nutrients were added to endgslant and microbial growth,
and to improve the treatment efficiency of the aed systems. Furthermore, while
hydrocarbons are an excellent source of carbortlarslenergy for microbes, they do
not contain significant concentrations of other rimmts (such as nitrogen and
phosphorus) required for microbial growth and seythre incomplete foods sources
(Prince et al., 2002). The input of large quaesitof organic carbon sources tends to
result in a rapid depletion of available inorganigtrients (Margesin et. al, 1999),
limiting the amount of biodegradation. Thus, bimasilation (nutrient addition) can

often be used to maximize bioremediation effectegsn(Trinidade et al., 2002).
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The rhizomes of the common reed3hfagmites australigCav.) Trin. ex
Steud) used were washed free of sediments andeplamtselected gravel and sand-
filled wetlands.

Benzene was used as an example volatile hydrocaobassess the removal of
low molecular weight petroleum compounds. Benz&i2H analytical reagent, ¢Els
(99.7%)) supplied by VWR International Limited (HenBoulevard, Lutterworth,
England, UK) was used. Benzene represents a syoialem in that, to account for
all the bonds, there must be alternating doublbéaratbonds as represented in the

structure below:

Benzene is also often depicted with a circle ingidexagonal arrangement of carbon

atoms as represented in the structure below:

As is common in organic chemistry, the carbon atomthe diagram above
have been left unlabeled. The above two benzenetstes were created after
structures from wikipedia (http://en.wikipedia.omgi{i/Benzene) and (Hemond, and
Fechner-Levy, 2000). The major characteristics ehzene are as follows: molar
weight, 78.11 g mé!; density, 0.88 kg 1 molar volume, 89.11 cin aqueous
solubility, 1,780 mg [}, Henry's law constant 0.55 kPa®mol*; water partition

coefficient, 2.13 log & diffusion coefficient in free solution, 1.16x16n* s%);
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diffusion coefficient in air, 0.93xfom? s*; boiling temperature, 80.1°C (Schnoor,
1996; Hemond, and Fechner-Levy, 2000).
Benzene was chosen for various reasons:

= |tis a common constituent of liquid fuels;

= Benzene was chosen to represent the aromatic rgrhac group, which
includes benzene, toluene, ethlbenzene and xyRBREX). It is one of the
most prevalent organic contaminants in groundwg#enslerson and Lovley
(1997).)and is of major concern owing to its toxicity arelatively high
solubility. Benzene has been classified as car@nimg Benzene’s ability to
migrate to and within groundwater is an importaratev quality concern
(Caswell et al., 1992).

» |t can be used as a surrogate for a mixture ofdoatbons to allow for easy
interpretation of the data and subsequent modelling

= The traditional treatment technologies used by diieindustry such as
hydrocyclones and separators predominantly remaae/yh hydrocarbons
but not aromatics components in the dissolved watase.

» The thermodynamic stability of the benzene ringeases its persistence in
the environment; therefore, many aromatic compourate® major
environmental pollutants.

= The development of rational strategies for the diat®n of petroleum-
contaminated waters and aquifers requires an utadheliag of the ability of
microorganisms to degrade the aromatic hydrocarbontaminants in
wetlands. It is well known that aerobic microorgans can degrade benzene
and other aromatic hydrocarbons and limit the spifabenzene plumes in

the subsurface (Salanitro, 1993).
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All wetlands werefully saturated and flooded to a depth of 10 cmvabthe
level of the packing media. Subsequently the wd8anere fully drained two times
per week to encourage air penetration through tgregates. When the wetlands
were flooded, air is removed from the matrix andsemjuently pond is formed on the
top of matrix.When the wetlands are drained, the retreating watty as a passive
pump to draw air from the atmosphere into the mdtéreen et al., 1998; Scholz and
Xu,

2002; Suret al, 2005). Theoretically, the oxygen air exchangsvben the wetlands
and the atmosphere is mainly governed by convedmh diffusion mechanisms
(Green et al., 1998). The air pressure gradienthar@sm, caused by gradient of
pressure between the space in the wetland and tthesphere, is the main air
exchange mechanism. During the draw phase (whéuesffis drained) fresh air
flows from the atmosphere (higher pressure zonte) tine wetland (lower pressure
zone). The major mechanism for oxygen distributionthe wetland is diffusion,
where gradient of oxygen partial pressure withia tedia is the driving force. This
gradient is caused by non-uniform initial distriloat of fresh air within the media
(during the draw phase) and by oxygen consumptiomigrobial activity (Green et
al., 1998). Each filter functioned as an indepentatch reactor. Water samples were
tested biweekly for chemical oxygen demand, pHsalised oxygen, turbidity, redox,
conductivity, ammonia-nitrogen, nitrate-nitrogemtho-phosphate-phosphorus and
temperature. American standard methods (APHA, 1988 used for all analytical
work unless stated otherwise.

Each wetland is fed with hydrocarbon contaminateatew or tap water
intermittently, as a batch through the surface fué filter, and then gradually

percolates downward through it, to the coarser gjfstone drainage network in the
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bottom of the wetlands. Vertical-flow wetlands withermittent loading are the latest
generation of constructed wetlands (Haberl etl&99). The filter is then completely
drained, allowing air to refill it, and the nexts#otraps this air — leading to much
improved oxygen transfer. The treatment technolgggerally relies on processes
similar to those used extensively in gravel “filteeds”, enhanced by the extensive
rhizomatous root system of the reed plaRtisra@gmites australjswhich can transfer

limited quantities of oxygen into the surroundingedia, stimulating bacterial

communities.

3.4. Analytical method

3.4.1. Hydrocarbon determinations

Water samples were collected in a clinically preaded sample bottle.
Samples were analyzed for benzene removal monthity danuary 2007. Samples
were testing bimonthly afterwards. Water samplesevanalyzed byContaminated
Land Assessment and Remediation Research Centr@RRC), William Rankine
Building, The King's Buildings, University of Edinbgh. Benzene was determined
with Perkin Elmer gas chromatography/flame ionmati detector (GC/FID)
(Beaconsfield, England, UK) and headspace samplexdéls 9700 and HS-101
respectively) equipment. Details of analysis andrafing conditions of the Perkin
Elmer GC-FID, model 9700 (Dr Peter Anderson, peas@ommunication) used for
the hydrocarbon analysis are as follows:

Oven temperature = 80°C; Detector temperature =°€50njector temperature = 150
°C. Perkin Elmer Headspace sampler, model HS-10/&nQemperature = 80 °C;
Transfer line temperature = 120°C; Needle tempegatlP0°C; Operating conditions:

Thermostatting time = 5.0 min; Pressurisation tim@.5; Inject time = 0.08 min;
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Withdrawal time = 0.2 min; Sample/standard volum2ml; Benzene standards= 0, 1,

1, 50, 100, 500 mg/I.

3.4.2. BOD, nutrient and other water quality determinations

During over 2-year operation, water samples wenected from the
constructed wetland system and analyzed for teryerapH, BOR, COD,
ammonia-nitrogen (NKN), nitrate-nitrogen (N@N), ortho-phosphate-phosphorus
(PO,>-P) dissolved oxygen (DO), temperature, turbiditd @lectrical conductivity at
different intervals. Samples were taken and medshieeekly from April 2005 to
October 2007. The total number of samples analyled each parameter is
summarized in chapter 4. pH was measured withdehpaHs-25 pHmeter.

COD and BOIQ were measured by the potassium dichromate-baitiethod
and incubation method, respectively. All of thesmrameters were tested using
standard laboratory proceduaasd methods (Standard Method for the Examination of
Water and Wastewater Editorial Board) and all asedywere completed within 24 h
of sample collection. The BQDN this research was determined in all water sampl
with the OxiTop IS 12-6 system, a manometric meament device, supplied by the
Wissenschaftlich-Technische Werkstatten (WTW), Waih, Germany. The
measurement principle is based on measuring peesdiffierences estimated by
piezoresistive electronic pressure sensors. Nitiibn was suppressed by adding 0.05
ml of 5 g- N-Allylthiourea (WTW Chemical Solution No. NTH 6p8olution per 50
ml of sample water.

Nutrients were determined by automated precisidaricoetry methods using
a Palintest Photometer 5000 instruméMitrate was reduced to nitrite by cadmium

and determined as an azo dye at 540 nm (using stoRerAnalytical EnviroFlow
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3000 flow injection analyzer) following diazotisati with sulfanilamide and
subsequent coupling with N-1- naphthylethylendiaardihydrocloride (Allen, 1974).
Ammonia-N and ortho-phosphate-P were determined aoyomated precision
colorimetry in all water samples from reaction whiypochlorite and salicylate ions in
solution in the presence of sodium nitrosopentagfg@anate (nitroprusside), and
reaction with acidic molybdate to form a phosphoybdenum blue complex,
respectively (Allen, 1974). The coloured complexEsmed were measured
spectrometrically at 655 and 882 nm, respectivelging a Bran and Luebbe
autoanalyzer (Model AAIII).

A Hanna HI 9142 portable waterproof DO meter, a HAC
2100N turbidity meter and a Mettler Toledo MPC 2®nductivity, TDS and pH
meters were used to determine DO, turbidity, andlaotivity, TDS and pH,
respectively. An ORP HI 98201 redox meter with aipum tip electrode HI 73201
was used. These handy, easy to use, robust andovesikinstruments perform with
low costs the most important parameters for wasewaonitoring. The meter comes
complete with sensors, calibration and maintenasckitions for measurement.
Composite water samples were analyzed on Mondays Frdays. All other
analytical procedures were performed accordingheéo American standard methods

(APHA, 1998).

3.4.3. COD determinations

COD was determined with Palintest Tubetests SysRatintest Tubetests are
integrated with the Palintest heater and photonsstetem so as to provide a complete
system for COD measurement. COD analysis was peedrwith three Palintest

Tubetests with product codes; PL450, PL452 and RBL4Bd the corresponding
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ranges were 150 mg/l, 400 mg/l and 2000 mg/l raspdg. In the Palintest COD
method, the water sample is oxidized by digestm@isealed reaction tube with
sulphuric acid and potassium dichromate in thegmres of a silver sulphate catalyst.
This reaction takes place in Palintest pre-prepared
tubetests that contain the above required reagéhésamount of dichromate reduced
is proportional to the COD. The absorbance of tikd¥Gamples was read with the
Palintest 7000 Interface Photometer model. CODeslvere recorded as this model
is a direct reading user-friendly photometer pregpammed for Palintest water tests.
The Palintest 7000 Interface Photometer brings & demension to the
science of water testing as it replaces older nsoddiich values were calculated

using a calibration curve prepared previously.

3.4.4. Microbiological determinations

The heterotrophic plate count (HPC), formerly knoamthe standard spread
plate method was used for microbiological examoreti This procedure was used to
estimate the number of live heterotrophic bactand fungi (aromatic hydrocarbeon
utilizing bacteria and fungi specifically) in thgstem and measuring changes during
treatment. The method used for this study wasaspbpate method. The standard
plate count procedures were performed accordirthgcAmerican standard methods
(APHA, 1998). Before selecting suitable media favnaatic hydrocarbon-degrading
bacteria and fungi, different types of agar westele. Each water sample was diluted.
For each dilution, a 10Ql sample was spread on the agar (Atlas, 1995). t€bis
were replicated three times for verification pumgms All agars used in the
examination were bottled prepared media ready & by manufacturers’. The

manufacturers’ instructions were followed as tharagas dissolved in the microwave
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and then poured onto sterile Petri dishes. Oncéeatlept for controls) Petri dished
had been spread with the various sample dilutithrey, were placed into the incubator
for 48 hours at 35°C. The colonies were countedhémeporting of data, duplicate

plates are averaged to get the observed countsreBudts of the plate counts are
expressed as colony forming units (CFU). A ‘valitte count contained between 30
and 300 CFU per plate (Atlas, 1993, 1995; Brittd®94). During sampling, the air
temperature was measured at the study site. Samwglesimmediately tested after

sampling for microbiological indicator organisms.

3.5. Biodegradation and Volatilization removal pathways

Biodegradation and volatilization were also testedseparate experiments.
Two extra wetlands (heights: 24 cm; diameters: 3 ware set up under controlled
environmental conditions; one wetland comprisedreggfes and detritus containing
mature microbial biomass (284 g detritus was takem the upper layer of the
contaminated parent wetland 3 located indoors)aather wetland was left empty.
The small wetlands were constructed in the sameasaye large wetlands with the
exception of the absence of the ventilation pigee (above). The purpose of this
auxiliary experiment was to assess the main remoathlways of benzene (combined
biodegradation and adsorptigarsusvolatilization) in constructed treatment wetland.
Samples were taken after 1, 2, 3, 6 and 9 d, andeoe was subsequently determined

using headspace and gas chromatography.

3.6. Risk assessment

Considering that benzene is highly flammable andcicagenic, risk

assessment was undertaken prior to the commenceshéié research. The health

85



Chapter 3

hazards of benzene was addressed by undertakimiskhassessment process using
the University's latest step by step COSHH HS1 Sate System of Work (SSW)
forms.

This subsection documents the risk assessmenthan8dfe System of Work
(SSW) information regarding the hazardous propemiethe substances used in the
research. The assessment covered all required ctonti@s involving Hazardous
Substances (HS1) and Control of Substances HazarttouHealth Regulations
COSHH). The instructions was outlined in order nswee that the activity is carried
out safely and with minimum risk to health, or tlehtothers who may be affected by
the acts or omissions involved in the research.

The SSW also gives directions as to the safe manne@hich each stage of
the activity is carried out and also stated whamg of PPE worn at each stage.
The lead researcher was given training and adsce @ahe health risks of working
with aromatic hydrocarbon (benzene), what the ab#l exposure routes are:
inhalation, absorption through the skin and ingestiThe lead researcher also
registered with the University of Edinburgh Occuaal Health Unit in accordance
to the COSHH Regulations, which state that ‘healihveillance is appropriate for

work with carcinogens’.

3.6.1. Risk Assessment for Activities involving Hazdous Substances

This risk assessment was completed and its contaveyed to the users of
the hazardous substances and record of their arwmsptgained in the appropriate
declaration section. The records of the assessanersummarized as follow:

Brief description of work:

1 Secure storage of benzene (small quantity) in acdei and suitable
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lockable cabin when not in use.

2 Preparation of an aromatic hydrocarbon solutiomZbae and water) in a

fume cupboard.

3 Transporting the prepared solution from the fum@board to the rigs

location in an air tight secondary five litre canex that is securely sealed.

4 Transferring of the solution from the container ointhe different

experimental rigs.

5 Analysis of treated wastewater.

6 Disposal of treated wastewater via the recognihesnical waste stream.
Hazard Identification: We ensured that Material Safety Data Sheets (MSDSg hav
been obtained from the supplier for all proprietesgmmercial) substances. Where
the substance is produced as a result of the Bciitg hazardous properties and
exposure routes were checked with special cautioth@ following:

(a) The substance or group of substances to be asptbduced, in the above activity
were named and listed in the HS1 form. Where thstamce presents an inhalation
hazard and has been assigned an Occupational Erpbisnit (OEL), caution was
taken and the OEL stated.
(b) Each of the substances were classified acopitdimne, or more, of the following
categories: - Very toxic; Toxic; Corrosive; Harmfibermal Irritant; Respiratory
Irritant; Carcinogen; Teratogen; Mutagen. We astated if an airborne substance can
also be absorbed through the skin (Sk), or is ginasry sensitiser (Sen).
© Risks phrases denoted in the MSDS were stated.
Hazard Ratings: The ratings were classified as follows:

a. Name of chemical(s) or substances: Benzene

b. Classification: Flammable, carcinogenic and toxic
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c. Risk phrases: Known carcinogen; harmful if swalldwmhaled, or absorbed
through skin; restricted use; avoid exposure; R4&83/23/24/25 S53A,45

The following exposure routes by which harm mayunagere as follow: Skin
Contact, Skin Absorption, Eye Contact, Inhalatamal Ingestion.
Engineering Control Measures
The work can be carried out on the open bench baalLExhaust Ventilation (LEV)
is required.
Personal Protective Equipment (PPE)PPE must never be used as the first option
of control butmust only be used where adequate control of expdasuthe hazardous
substance(s) cannot be achieved by substitutiorengmeering controls alone, or
where operating practicalities makes their choinaveidable. €.g. transient site
working).
The following types of PPE will be required for par all of the activity: Eye
protection, Face protection and Hand protection &pdcialist clothing (Laboratory
coat): Safety spectacles, Chemical resistant Gegglad Chemical resistant
faceshield. A faceshield will only be used if largaantities are handled, and if
splashes are likely to occur. However, the quiastihandled are small (<100 ml).
Reusable glove, PVA gloves have been provided if@ctdwork involving benzene.

Nitrile gloves will only be used for highly dilutesblutions or treated effluent.

3.6.2. Safe system of work

The work activity contains procedures requiringpacsfic scheme of work.
Before any activity is undertaken, it is importahat engineering controls are in

operation, and that protective equipment requirdsmare met. The safe system of
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work and personal hygiene measures should be fetloag planned. The master risk

assessment was located at the William Dudgeon badxgr (Public Health Lab).

Special Handling and Storage Requirements:

A small quantity of benzene is stored in tightlgs#d containers in a cool,
dry and fire resistant cupboard with other compatsgubstances. It will
be kept away from oxidizers and all sources oftigni

Aromatic hydrocarbons (benzene) are to be preparetthe dosing of the
experimental rigs by measuring with a syringe amgsalving known
weights of benzene in measured volumes of wates i&rho be carried out
wholly within the fume cupboard).

Transporting of the prepared solution from the fusnpboard location to
the wetlands must be via the air tight secondary litre container that is
securely sealed.

Transferring of the solution from the container ttee experimental
wetlands, which were designed to operate with thituent stream
(solution) to be dispersed carefully at the togath column. The indoor
wetlands are provided with an LEV system that ntigsbperational at all
times.

Treated water samples will be collected from the aathe bottom of the
rig using a clean glass sample.

The analysis of standard water quality variabled Wwe carried out

according to best laboratory practice.

Detailed below were procedures to be followed isecaf emergency (accident,

spillage, accidental release, etc.):
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Spill and Accident Procedures

Small Spills (One Liter or less): Ventilate the area and use personal protective
equipment as specified in the risk assessment. orAbthe material with an inert
absorbent or sand and place in a suitable contéonelisposal, and arrange disposal
through the Chemistry Department’s disposal service

Large Spills (More than a Liter): Note that large spills are unlikely consideringttha
the research scope do not involve large quantifiagn off the ignition sources first
and then notify and evacuate the area as neces€afythe trained BA team within
SME under the direction of Alex Ruthven.

Inhalation: Remove the workers affected to the fresh air. df breathing, give
artificial respiration. Get medical attention inchegely.

Ingestion: Induce vomiting. Give large quantities of water milk. Never give
anything by mouth to an unconscious person. Géeligakattention immediately.

Skin Contact: Immediately flush skin with copious amounts of evafor at least 20
minutes while removing any contaminated clothingGet medical attention
immediately.

Eye Contact: Immediately flush eyes with copious amounts ofewdbr at least 20
minutes. Get medical attention immediately.

Detail waste disposal proceduresPlace waste in a dedicated container in the
dedicated area within the WD Laboratory. Contan@ust be closed and labeled
with the words ‘hazardous waste’, and the main tets (treated water containing
traces of benzene). Place waste in the wastectiolearea, and arrange collection

through the School of Chemistry chemical disposal ystesn.
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3.6.3. Control of Substances Hazardous to Health gelations

The COSHH form assigned to all substances usedglthe research covers:
(a) Hazardous substances used, or produced, ima¢histy. (b) The substances have
been assigned the stated hazard classificationaidorne hazard that can also be
absorbed through skin is denoted (Sk); a respiyas®nsitiser (Sen). (c) The
substances have been assigned these standartinasieg.

Mechanical Controls (Local exhaust ventilation (DEAhd Fume cupboard) must
be used during all, or part of the work activityetBil type €.g. cupboard with water
wash dowhand when to be used in activity.

= The preparation of the aromatic hydrocarbon (beemzerd water) solution is

to be done in a fume cupboard.

= The indoor rig was provided with a LEV as specifiedhe risk assessment.

= For PPE, laboratory coat, gloves (PVA), (disposgafgon and safety glasses

are used when preparing the aromatic hydrocarbni@o in the fume cup
board, and all time during the experiment, facelshis used in addition when

decanting the solution into the rig.

3.7. Limitations to the experimental design and methods.

Highlights and discussions of limitations in thigperimental design and
methods that may apply to up-scalimgre documented in this section.
The experimental wetlands used in this researcle wery small in comparison to
large-scale systems used in industry, but previmubngs based on similar column
experiments proved that the results obtained wppdicable in field scale and thus
have been fully accepted by the scientific communi©mari et al., 2003, Hiegel,

2004, Scholz, 2004, Zhao et al., 2004).
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The wetlands studied under controlled conditionyy mat correspond with
other wetlands operated in field scale due to Bégianvironmental factors. However,
the results obtained provides insight on the inganft environmental factors and
could serve as a guide in designing and up-scdieig scale wetlands operated in
various climates.

Some operational variations could have resultedndunutrient dosage
changes and movements of indoor rig to full cotecbllaboratory on June 2006.
However, error associated to these operationahdstavas negligible as observed in
the results.

The small scale design used in this researcHdcoot represent true
requirement of large land involved in field scaBonsidering that wetland systems
use larger land areas and natural energy inpustablish self-maintaining treatment
systems providing environments for many more tygfeshicroorganisms because of
the diversity of microenvironments in a wetlandndavalue is a huge problem in up-
scaling due the large surface area required focdinstruction of field scale wetlands.

Large scale constructed wetlands may be home tryang number and type
of animals and this experimental set up does ri@ Bato accounts the effect these

will have on wetland processes.

3.8. Summary

This chapter documented the experimental set-uggriteng the novel filter
design and media composition. The environmentalditioms and operation
conditions were discussed paying special attention two basic operational
conditions applied such as placing one experimamgabutdoors to assess seasonal

changes and the other system was placed indoaaboiw a better control over the
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environmental changes. This chapter also showdhsehigh specification unit for
climatic research and was used in evaluating aticha@ing the environmental factors
in the constructed wetland.

This unit was of particular interest as it helps maly to monitor the treatment
performance but also to expose hidden boundaryittonsl required to understand
internal working of constructed treatment wetlandpplied for petroleum
hydrocarbon removal.

Summary of risk assessment undertaken were alsonterted. Limitations of the
design and operations were also documented. Thetezhfinally summarized the

overall hydrocarbon and other water quality vaealdeterminations.
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General Results*

4.1. Overview

This chapter presented the overall results of rab#te variables involved in
the study by evaluating the performances of efflugrater qualities in the
experimental vertical-flow constructed treatmentlareds. The performances of the
wetlands assessed were grouped into two categoviasables that show the
efficiency of the wetland and variables essentaldontrol and optimization of the
wetland. Simple removal models were applied toneste the removal potentials of
the wetlandsThe components of each wetland were statisticaligmared to examine
the impact of design components and operation tondi on the removal
performance of wetlands. Microbiological examinasioof the wetlands were also
presented.

This chapter aim at advancing the knowledge of dgaltbon removal with
constructed wetlands and focused specifically anoge thorough understanding of

the science, and underlying internal processessbgssing the components of each

* Parts of this chapter have been published as:
Eke, P. E. and Scholz, M. (2008). Benzene remowdl vartical-flow constructed treatment wetlandisurnal of
Chemical Technology & Biotechnolog8(1), 55-63 (original copy documented in appergix
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system. More results were presented in chapteré &nd 7 as evaluation of
hydrocarbon performance, seasonal variability arghagement of the wetlands

respectively.

4.2. Variables that show the efficiency of the wethd

The major measurement variables such as COD andsB@E monitored in
an attempt to gain proper insight of individuali@éncy of the wetlands used in this
study and were summarized in Tables 4-1 and 4-2.

Table 4-1. Mean effluent concentrations (riyfor the indoor rig (08/04/05- 18/10/07)

Wetland 1 Wetland 2 Wetland 3 Wetland 4 Wetland 5 Wetland 6
Var. n Yrl Yr2 Yrl Yr2 Yrl Yr2 Yrl Yr2 Yrl Yr2 Yrl Yr2
COD 182 48.1 214.3 37.4 9.2 64.7 168.3 334 7.8 514 1.4 31.1 8.9
BOD 171 17.6 37.1 11.8 4.7 22.1 42.5 6.1 2.9 11.9 50.6.1 2.8
NH, 167 6.3 40.0 5.7 42.2 54 39.1 4.5 38.3 5.0 3722 4. 371
NO; 167 1.3 26.5 1.7 47.3 1.8 53.9 1.9 63.5 1.9 2529 1. 224
PO, 167 7.8 18.0 9.5 26.0 7.5 27.0 6.6 26.3 8.5 2516 7. 27.7
Tem 192 14.3 11.7 14.3 11.7 14.3 11.7 14.3 11.7 3 14.11.7 14.3 11.7
Var. n Yr2+ ov Yr2+ ov Yr2+ ov Yr2+ ov Yr2+ ov Yr2+ ov
COD 182 704.0 2825 12.9 18.6 4253 199.1 154 17.4 .969493.7 7.3 15.3
BOD 171 41.4 34.0 2.1 55 33.3 35.0 1.2 3.1 36.0 3745 1 3.2
NH, 167 27.1 27.9 35.7 30.7 22.7 26.2 20.3 25.0 145 .3 23 16.8 23.6
NO; 167 33.0 21.0 110.0 48.6 33.0 34.9 95.7 53.7 26.59.01 61.1 25.4
PO, 167 7.8 12.9 7.9 17.4 6.5 17.1 6.1 16.4 54 16.28 6. 17.5
Tem 192 135 12.9 135 12.9 13.5 12.9 135 129 513.12.9 135 12.9
Var. n Yrl Yr2 Yrl Yr2 Yrl Yr2 Yrl Yr2 Yrl Yr2 Yrl Yr2
DO 192 1.1 3.6 1.3 4.0 0.9 3.6 1.5 4.1 3.2 35 3.4 5.7
Turb 192 3.1 2.4 2.3 1.7 4.1 4.6 1.7 1.0 0.8 3.3 1.0 0.9
pH 192 7.1 6.7 6.6 6.0 6.9 6.4 6.6 55 7.1 6.2 7.1 6.3
Redox 192 206.3 162.3 201.2 1645 167.0 1504 213.3 172453 159.3 2185 171.6
Cond 192 280.8 509.0 571.3 670.2 3320 707.3 2954 7160@0.0 580.1 363.8 518.2
Var. n Yr2+ ov Yr2+ ov Yr2+ ov Yr2+ ov Yr2+ ov Yr2+ ov
DO 192 3.0 2.7 35 3.1 3.1 2.7 3.9 3.3 2.6 3.2 5.1 4.9
Turb 192 1.2 2.3 0.9 1.6 3.7 4.2 0.7 1.1 3.6 2.7 0.4 0.8
pH 192 6.2 6.7 55 6.0 5.9 6.4 4.8 5.6 5.9 6.4 5.9 6.4
Redox 192 129.7 165.4 134.2 166.3 106.9 143.0 143.2 1771226 164.6 140.1 175.8
Cond 192 413.4 4196 589.3 620.6 386.9 5153 496.0 53R29.1 4252 2823 4105
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Table 4-2. Mean effluent concentrations (ryfor the outdoor rig (08/04/05- 18/10/07)

Wetland 1 Wetland 2 Wetland 3 Wetland 4 Wetland 5 Wetland 6
Var. n Yrl Yr2 Yrl Yr2 Yrl Yr2 Yrl Yr2 Yrl Yr2 Yrl Yr2
COD 182 58.8 372.3 52.1 12.4 62.2 322.4 40.3 12.6 62.839.3 34.3 12.9
BOD 171 38.9 47.4 13.0 35 34.6 45.0 9.5 2.9 21.7 42.7.3 4.2
NH, 167 4.9 54.0 4.6 50.0 5.6 46.7 4.8 42.7 4.4 405 9 4. 36.6
NO; 167 2.1 42.3 1.8 56.7 1.8 32.8 2.0 38.1 1.6 30.7 3 1. 26.7
PO, 167 9.3 25.6 9.9 40.0 6.9 23.0 6.5 21.9 6.7 178 1 6. 25.1
Tem 192 21.2 15.7 21.2 15.7 21.2 15.7 21.2 15.7 2 21.15.7 21.2 15.7
Var. n Yr2+ ov Yr2+  ov Yr2+ ov Yr2+ ov Yr2+ ov Yr2+ ov
COD 182 1100.9 453.7 17.6 25.7 11416 4418 11.3 20.6 955.1 400.3 11.9 19.1
BOD 171 42.1 43.8 3.8 5.8 38.7 40.7 2.7 4.3 37.1 36.2.8 1 4.2
NH, 167 37.7 36.9 42.8 35.8 37.5 33.4 25.2 28.4 24.0 926 194 24.1
NO; 167 61.6 35.5 104.2 52.1 95.6 38.1 100.5 42.0 59.29.1 66.7 28.6
PO, 167 8.5 17.3 135 25.8 10.0 15.7 6.6 14.2 6.0 12.5.4 15.5
Tem 192 15.0 17.0 15.0 17.0 15.0 17.0 15.0 17.0 015.17.0 15.0 17.0
Var. n Yrl Yr2 Yrl Yr2 Yrl Yr2 Yrl Yr2 Yrl Yr2 Yrl Yr2
DO 192 1.9 5.1 2.4 5.6 2.4 5.2 2.4 7.6 3.7 7.1 3.6 7.6
Turb 192 4.5 2.3 3.3 1.5 2.2 2.0 2.8 1.2 0.8 1.0 0.9 1.0
pH 192 7.1 6.7 6.8 55 7.2 6.5 6.9 5.9 7.2 6.5 7.3 6.4
Redox 192 210.1 1694 228.8 186.9 2029 161.9 2253 177220.1 158.7 214.2 162.0
Cond 192 4679 6525 5494 8855 380.6 551.9 300.2 5462B4.7 4595 239.0 464.7
Var. n Yr2+ ov Yr2+ ov Yr2+ ov Yr2+ ov Yr2+ ov Yr2+ ov
DO 192 4.1 3.9 4.7 4.5 4.5 4.3 5.3 4.7 7.2 6.2 7.4 6.3
Turb 192 24 2.9 1.0 1.9 1.7 2.0 0.6 15 0.7 0.9 0.5 0.8
pH 192 6.3 6.7 4.6 5.6 6.3 6.7 5.2 6.0 6.5 6.7 6.3 6.6
Redox 192 139.2 1723 160.21911 1452 168.6 144.1 181.3 1248 1635 118.7 1645
Cond 192 717.6 374.0 970.24314 6326 510.1 661.0 526.9 5326 816.1 362.0 619.5

ov: overall mean for 08/04/05- 18/10/07; Yrl: mdan08/04/05-27/03/06; Yr2: mean for 28/04/06-30003 Yr2+: mean for

02/04/07-18/10/07; n: sample number; COD: chemialgen demand (mg); BODs: five-day @ 26C N-Allythiourea

biochemical oxygen demand (mg)t. NH,: ammonia-nitrogen (mg1); NOs: nitrate-nitrogen (mg t); PQ;: ortho-phosphate-

phosphorus (mg 1); tem: temperature@); DO: Dissolved Oxygen (mg™); Turb: Turbidity (NTU); pH: Acidity (-); Redox

(mV); Cond: Conductivity(S).

These variables are important because knowing ffheset values makes it

easy to judge on the efficiency of the wetland. T¥@D and BOD variables were

presented in subsection 4.2.1 and 4.2.2 respegtilreladdition to COD and BQJ)

the yearly and overall effluent water quality oftment, temperature and other

variables were also presented in Tables 4-1 and 4-2

Furthermore, table 4-3 presented results of thiysisaof effluent water

qguality variables. Means, standard deviations (8BJ standard errors (SE) were
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calculated. Multiple comparisons using least sigaift difference (LSD) and
homogeneity of variance tests were used to andlyeeeffluent benzene, BGD
COD, NH:-N, NOs-N and PQ* concentrations and other water quality variablehs
as DO, EC, redox and turbidity. Tests to deterntimgesignificant differences between
the above mentioned variables for the indoor antdamr wetlands were conducted.
Multiple comparisons were undertaken with the |lsggtificant difference (LSD) and
the Duncan’s multiple range tests for differencesMeen means (significant level
p<0.05).

However, the measurement of BOBave some indication of the impact of
benzene on biological processes occurring in wadlamhe ten effluent water quality
variables BOR, COD, NH-N, NOs-N, PQ*, DO, pH, EC, redox and turbidity were
summarized in Table 4-3. Ten individual one-way AOwere performed to test
whether there was any significant difference inséh@ariables among the selected
constructed wetlands. Individual examination andlysis of all the variables were
also discussed in detail in this chapter. The Dniscenultiple range tests indicated
that the mean values of BQDCOD NG-N, redox and pH for the indoor wetlands
were significantly lower than for the outdoor wetls.

Effluent mean BOB and NQ-N concentrations for the indoor wetland 1 are
significantly (p<0.05) lower in comparison to thiner wetlands. The indoor wetland
3 had the lowest mean COD, pH and redox values.likely that the impact of wind
on the outdoor wetlands resulted in higher DO cotreéions in comparison to those
recorded for the indoor wetlands. The DO concetmatanges were wide. The
indoor wetland 3 contained significantly (p<0.08yvlconcentrations of DO, followed
by indoor wetlands 1 and 5, where the concentratweere also significantly different

from each other. The outdoor wetlands 1 and 3 &kdively high DO concentrations,
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and were not statistically significantly differédndm each other (Table 4-3), while the
outdoor wetland 5 was the most aerobic with DO eatrations reaching as high as
6.19+2.44 mg/l.

Although mean turbidity values were generally betwv@ and 3 NTU (except
for the indoor wetland 3 with a mean of 4.21 NTUalfle 4-3)), they were
significantly different (p<0.05) from each otherncerning the indoor and outdoor
wetlands. The outdoor wetland 1 has EC signifiga(ik0.05) higher than those of
the other wetlands. The mean EC values for thedndad outdoor wetlands 3 were
significantly (p<0.05) higher than those for théet 3 wetlands. Concerning FO
and NH-N, a statistical analysis indicated that thereemeo significant differences

(p>0.05) between indoor and outdoor wetlands.

Table 4-3. Effluent water quality variables (mear8D) in contaminated constructed wetlands (mg/l)

Rig. No N1 BOD Np COD N3 PO~ NOs-N NH,-N
mg/| mg/| mg/| mg/| mg/|
1In 171 33.98+27.25 182 282.48+351.6F 149 14.44+27.32 19.07+48.86  27.11+41.14
3In 171 35.01+27.25 182 199.11+351.6F 149 16.43+33.68 34.11+89.76'° 37.18+83.91
5In 171 37.39+31.16" 182 293.71+344.59 149 15.56+32.51 22.38+44.66'° 26.82+57.05
10ut 171 43.81+30.87 182 453.71+603.49 149 17.93+24.08 34.60+77.47° 38.22+60.99
30ut 171 40.69+29.13*F 182 441.83+551.23 149 16.08+26.30 35.37+70.95'° 35.10+58.34
50ut 171 36.18+27.69 182 400.26+517.67 149 14.84+38.32 47.36+137.98 45.08+72.23
Rig. No N4 ﬁgn P Eg mdox L%)Idlty
11n 193 2.72+1.63 6.67+0.43 419.64+195.63 165.43+58.4% 2.25+1.97
31n 193 2.69+1.64 6.37+0.49 515.25+306.57 142.96+56.0%  4.21+1.71°
51n 193 3.15+1.3% 6.38+0.58" 425.22+304.58 164.64+53.78 2.69+1.93
10ut 193 3.94+1.99 6.71+0.42 619.52+319.39 172.29+59.48 2.93+2.15°
30ut 193 4.25+1.79 6.65+0.43 526.89+351.77 168.60+45.7% 1.97+1.27
50ut 193 6.19+2.44° 6.70+0.47 431.39+541.06 163.53+51.3% 0.86+0.73"

In and Out represent indoor and outdoor selectedtnacted wetlands; N1,N2, N3 and N4, sampling nensitfor different water
quality variables, data collected between April 2Gthd October 2007 ; SD, standard deviation; BOB¢Hemical oxygen
demand(mg/l); COD, chemical oxygen demand(mg/l); °POtotal phosphorus(mg/l); NEN, nitrite(mg/l); NH-N,

ammonia(mg/l); DO, dissolved oxygen (mg/l); EC ctdenic conductivity (S); Redox, potential of reduction/oxidation reagtio
(mV); Turbidity, cloudiness or haziness of efflugfNTU). In any one column, values marked with difet letters are

significantly different from each other at §.05 according to the Duncan’s multiple rangestest
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The results obtained in this study suggest thaf B®d NH-N play a similar
role in benzene removal in constructed wetlandh different operational conditions
such as the presence or absence of plants, agegeyat temperature control. No

strong relationships between benzene and botfi@@ NH-Nwere detected.

4.2.1. Analysis of variance (ANOVA)

It appears that graphical representations of tkaltr@lone could not expose
the roles of internal components of these systdimes; responses and interactions in
the constructed wetlands. Hence, the effluent abbadividual variables were further
analysed statistically, to compare major componantsoperational conditions in the
wetland. The comparisons would lead to better ndgthfor assessing the water
quality effects of impacts to individual wetlandBhe statistical procedures were
carried out using the MINITAB statistical softwgpackage (Minitab Ltd. Brandon
Court, Unit E 1, Progress Way, Coventry CV3 2TE,itebh Kingdom) and SPSS,
Analytical Software (Statistical Package for thei@bSciences (SPSS) Headquarters,
233 S. Wacker Drive, Chicago, lllonois, USA). OnayyANOVA methods were used
to check the influence of each variable considéf@ahtrolled environment: indoor
rig versus outdoor rig; Macrophytes: planted versugplanted; Hydrocarbon:
contaminated versus uncontaminated; Aggregatésr fledia versus no filter media;
and Annual performances: year 1 versus year 2 @\Jery water quality parameter of
the effluent and to evaluate interactions betweanables. Prior to the statistical
analysis of data, effluent concentrations were kbe@do ensure that the variables
were normally distributed. Otherwise, the effluenbncentrations were log-
transformed (log-transformed), which was the most suitable trams&tion function

to bring the variance closer to the mean. Thia i@acordance with ANOVA rules and
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conventional practice.

The level of significance applied for analysingpfa value) in this study is
0.05 (p-value). The alpha level is a significaneeel related to the probability of
having a type | error (rejecting a true hypothedis)this case the hypothesis is that
one set is significantly difference to another $et,instant planted versus unplanted
performance. Typically, in any set of comparisorewhhe p-value is equal or less
than 0.05 (X 0.05), the result is said to be “statisticallyrsfigant”. It follows that
pairs of data associated witl2@05 can be regarded “not statistically signifiCant
Further analysis was carried in chapter 7 to estalbhe effect of group reactions and

relationship with multiple comparison tests.

4.2.2. Chemical Oxygen Demand (COD) removal

The COD measurement is based on a thermal reacfidghe sample with
chemicals during a heating period of 2 hours atC48his reaction caused a change
in colour which was measured with a photometer.sTdtudy show that there is
consistently more COD in contaminated wetlands thhaontaminated wetlands. This
is expected due to the fact that benzene contshautarger amount (7409 per year for
3.5L loads) to inflow COD levels in comparison aatflizer (1409 per year for 3.5L
loads). Benzene could be toxic but also providesdon source for hydrocarbon
degrading bacteria to consume, thus its presenteeicontaminated wetlands could
result to higher chemical oxygen demand noticezbimaminated wetlands.

Figure 4-1 shows improved COD treatment performarfoe hydrocarbon
contaminated wetlands (wetlands 1, 3 and 5) ofiideor rig in comparison to the
outdoor rig. However, the treatment performancesC&@D of uncontaminated

wetlands (wetlands 2, 4 and 6) of both indoor amddaor rigs were similar.
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Furthermore, the overall results show that COD nahoefficiencies were
considerably high in all wetlands (70 to 98 %) ottbindoor and out door rigs (Fig.

4-1).

O Indoor I Outdoor
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Figure 4-1. Mean COD treatment efficiencies foritidoor and outdoor wetlands

Figure 4-2 shows yearly COD treatment efficien¢B4g for indoor wetlands
from 2005-2007. While first year of operation shavbetter treatment performance
for hydrocarbon contaminated wetlands (wetland$8 Bnd 5), in comparison the
uncontaminated filter 2 show similar performancéath first and second year, while
uncontaminated wetlands (wetlands 4 and 6) shayhtyli higher performance in the

second year.
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Figure 4-2. Mean COD treatment efficiencies (%)ifmtoor wetlands
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COD performances of wetlands operated indoor wattesscally compared to
those operated outdoor and the results indicaegswbtlands operated indoor were
statistically similar (r0.05) from those operated outdoor (Table 4-4). HhoGOD
involves such a powerful oxidizing reaction, weatagtremes outside did not result

in a significant difference to the inside wetlands.

Table 4-4. Comparison of effluent COD concentratitor constructed wetlands.

P values
Wetland Indoor vs Outdoor
1inand 1 Out 0.770
2 Inand 2 Out 0.156
3 Inand 3 Out 0.615
4 Inand 4 Out 0.399
51Inand 5 Out 0.560
6 In and 6 Out 0.401
P values
Wetland Planted vs unplanted
linand 3In 0.482
1 Out and 3 Out 0.854
2Inand 4 In 0.355
2 Out and 4 Out 0.271
P values
Wetland Contaminated vs uncontaminated
In land 2 0.000
In3and 4 0.000
In5 and 6 0.000
Out 1and 2 0.000
Out 3 and 4 0.000
Out 5 and 6 0.000
P values
Wetland Filter media vs No filter media
3lnand 5 1n 1.000
3 Out and 5 Out 0.919
4Inand 6 In 0.750
4 Out and 6 Out 0.727
P values
Wetland Year 1vs Year 2 Wetland Year 1 vs Year 2
lin 0.001 1 Out 0.000
21n 0.000 2 Out 0.000
31In 0.003 3 Out 0.000
41n 0.000 4 Out 0.000
51In 0.000 5 Out 0.000
6 In 0.000 6 Out 0.000
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Wetlands planted witlPhragmites australiCav.) Trin. ex Steud. were
analysed against unplanted wetlands and the COUlitsesdicates that they were
similar (p=0.05) to the corresponding unplanted wetlands operboth indoor and
outdoor (Table 4-4).

COD results of wetlands contaminated with benzedeate clearly that they
were statistical significantly different €p0.05) from uncontaminated wetlands
operated both indoor and outdoor (Table 4-4).

However, the analysis of COD effluent indicated thatlandswith filter media
were statistically similar g0.05) to wetlands with no filter media operatedhbot
indoor and outdoor (Table 4-4).

While, yearly analysis of COD effluent indicate tililae first year operations
were statistical significantly different €p0.05) from second year operation of both

indoor and outdoor (Table 4-4).

4.2.3. Biological Oxygen Demand (BO£) removal

Knowing the effluent BOB (or simply written as BOD) levels of the wetlands
makes calculation of the efficiency easy. The mgse monitored and the BQDResults
presented in this subsection.

Figure 4-3 shows improved BQ@@reatment performances for uncontaminated
wetlands (wetlands 2, 4 and 6) of both indoor anttl@or rigs. In comparison, the
treatment performances of B@Df hydrocarbon contaminated wetlands (wetlands 1,

3 and 5) of both indoor and outdoor rigs show reduceatment performances. This
suggests that hydrocarbon contamination of the amdf resulted to apparent
influence on the BOBPtreatment performance. However, overall resulinghslightly

better treatment performances for wetlands 1, &)d 6 of the indoor rigrhe lower
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efficiency of the outside wetlands is an indicatioh a lower average yearly
temperature and weather extremes, including frgemrwinter, which all put stress
on the system that was not endured by the wetlapasated indoors. This result
partly supports the theory that the biological tmms responsible for the
decomposition of organic matter (B@Dnitrification, dentrification and removal of
pathogens are generally known to be temperaturendigmt in all wastewater
treatment processes, including Constructed WetlafRised et al., 1995). In
comparison, filter 2 show similar performances bath indoor and outdoor rigs,

while filter 5 show slightly better performances &utdoor rig.
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Figure 4-3. Overall BOPeffluent mean for the indoor and outdoor wetlands

Figure 4-4 shows mean BQ@[2ffluent for indoor wetlands from 2005-2007.
First year of operation show a better treatmentfop@ance for hydrocarbon
contaminated wetlands (wetlands 1, 3 and 5), inpasison the uncontaminated
wetlands shows slightly higher performance in theosd year. However, the results
show better BOP treatment performances for uncontaminated wetlahasighout
the duration of the study. It is pertinent to ntitat reductions in BOPobserved in

uncontaminated wetlands were satisfactory for mwstlands if compared to
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minimum American and European standards (<20 nfigyl}he secondary treatment
of effluent. In comparison, the BQ@Dtreatment performances of hydrocarbon
contaminated wetlands show reduced treatment peaioces in both first and second
year of operations (Fig. 4-4). This suggests thialiteon of toxic benzene could be
responsible for the BOreduction efficiencies in wetlands 1, 3 and 5 carad with
improved removal efficiencies in wetlands 2, 4 &xdhe BODR concentrations were
similar for the effluents from planted wetlands wheompared to unplanted gravel
and sand wetlands. Comparing wetlands 1 (plantedcantaminated) with Filter 2
(planted but not contaminated), the potential negadffect of benzene contamination
on the overall BOPB reduction efficiency for wetland 1 were appardfgqres 4-3
and 4-4, Table 4-5).

This result clearly indicates that high hydrocarbcontamination of the
wetlands might harm the microorganism responsibtddw BOD; treatment during
the processes. The effect of high hydrocarbon @m®g)zconcentration on the B@D
treatment as observed in this study could also tbéowited to be a major factor
causing poor BOBtreatment by leading to plant stress and affedii@gmetabolism
function of the organism. Though it can be infertldt toxicity of hydrocarbon did
affect BOD, removal performance, BQ[ireatment observed does show that there

was some treatment by biological processes.

ovYri@yr2

. 70 ~

=, 60

E 501

5§ a0

8 30

S 20

<

S 10

© 0 T 1

1 2 3 4 5 6

Wetlands

Figure 4-4. Annual BOBeffluent mean for the indoor wetlands
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Overall BOD; performances of wetlands operated indoor werasstatly
compared to those operated outdoor and the resaditsates that wetlands operated
indoor were statistically similar §0.05) from those operated outdoor in all wetlands

(Table 4-5).

Table 4-5. Comparison of effluent B@DBoncentrations for constructed wetlands.

P values
Wetland Indoor vs Outdoor
lInand 1 Out 0.077
2 In and 2 Out 0.964
3Inand 3 Out 0.499
4 Inand 4 Out 0.171
51In and 5 Out 0.505
6 In and 6 Out 0.931
P values
Wetland Planted vs unplanted
linand 3In 0.551
1 Out and 3 Out 0.576
2Ilnand4In 0.108
2 Out and 4 Out 0.722
P values
Wetland Contaminated vs uncontaminated
In 1land 2 0.000
In3 and 4 0.000
In5 and 6 0.000
Out land 2 0.000
Out 3 and 4 0.000
Out5and 6 0.000
P values
Wetland Filter media vs No filter media
3lnand5In 0.441
3 Out and 5 Out 0.458
41Inand 6 In 0.452
4 Qut and 6 Out 0.450
P values
Wetland Year 1vs Year 2 Wetland Year 1 vs Year 2
1lin 0.000 1 Out 0.000
21n 0.001 2 Out 0.000
31In 0.005 3 Out 0.000
4 In 0.002 4 Out 0.000
51n 0.000 5 Out 0.000
6 1In 0.000 6 Out 0.000

106



Chapter 4

Wetlands planted witfPhragmites australigCav.) Trin. ex Steud. were also
analysed against unplanted wetlands and the Bf@Bults indicates that they were
similar (p=0.05) to the corresponding unplanted wetlands operboth indoor and
outdoor (Table 4-5).

BODs effluent analysis of wetlands contaminated with Zsee indicates
clearly that they were statistical significantlyfdrent (p< 0.05) from uncontaminated
wetlands operated both indoor and outdoor (TalBg 4-

However, the analysis of BQDeffluent indicates that wetlandgth filter
media were statistically similar ¥0.05) to wetlands with no filter media operated
both indoor and outdoor (Table 4-5).

While yearly analysis of BODeffluent indicate that the first year operations
were statistical significantly different €p0.05) from uncontaminated wetlands

operated both indoor and outdoor in year 2 (Takig. 4

4.3. Variables essential for control and optimizabn of the wetland

The water quality variables essential for contrad aoptimization of the
wetland used in this study was monitored and ptesethis section. These variables
were DO, pH, Nutrients (Nitrate-nitrogen, Ortho-ppbate-phosphorus and
Ammonia-nitrogen), Conductivity, Redox and Turbydit
The above mentioned variables of the wetlands Hepen monitored and analysed
(Tables 4-2 and 4-3) in an attempt to establish tke&tionship and to ensure optimal
performance in the system. Furthermore, this seqti@sented detailed ANOVA to

further support management of constructed treatmetiands.
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4.3.1. Dissolved Oxygen

Sufficient amount of dissolved oxygen for growthdametabolism of
microorganism has to be ensured to maintain optimpumaess in the wetland. A DO
concentration of 1-2 mg/l is sufficient in treatmhemetland. However, higher DO
content did not necessarily increase the treatrafitiency of hydrocarbon in the
constructed wetland as seen in the results showshapter 6. The aeration of the
wetland if provided should be adjusted to that Dibaentration of 2 mg/L, more is
just wasted energy. The result show that the rigrated outdoor has higher DO than
indoor rig (Figure 4-5). More DO observed in the

Wetlands operated in the outdoor environment coeldttributed to rain and
wind etc, diffusing oxygen into the wetlands. Resalso show a higher DO in the
outdoor wetlands during the first year of operat{igure 4-6). In comparison, DO
concentrations were similar in subsequent yeark Wwigher DO concentrations in

uncontaminated wetlands (Figure 4-7).
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Figure 4-5. Overall DO effluent mean for the indaad outdoor wetlands (08/04/05- 18/10/07)
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Figure 4-6. First year DO effluent for the indoodaoutdoor wetlands
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Overall DO performances of wetlands operated indare also statistically
compared to those operated outdoor and the resditates that wetlands operated
indoor were statistical significantly different(}0.05) from those operated outdoor in

all wetlands (Table 4-6).
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Table 4-6. Comparison of effluent DO concentratifmvsconstructed wetlands.

P values
Wetland Indoor vs Outdoor
lInand 1 Out 0.015
2 In and 2 Out 0.006
3Inand 3 Out 0.004
4 In and 4 Out 0.000
51In and 5 Out 0.000
6 In and 6 Out 0.013
P values
Wetland Planted vs unplanted
linand 3In 0.730
1 Out and 3 Out 0.174
2Ilnand4In 0.408
2 Out and 4 Out 0.589
P values
Wetland Contaminated vs uncontaminated
In 1land 2 0.492
In3 and 4 0.060
In5 and 6 0.000
Out 1and 2 0.198
Out 3 and 4 0.562
Out5and 6 0.882
P values
Wetland Filter media vs No filter media
3lnand5In 0.005
3 Out and 5 Out 0.000
41Inand 6 In 0.000
4 Qut and 6 Out 0.002
P values
Wetland Year 1vs Year 2 Wetland Year 1vs Year 2
1lin 0.000 1 Out 0.000
21n 0.000 2 Out 0.000
31In 0.000 3 Out 0.000
4 In 0.000 4 Out 0.000
51n 0.749 5 Out 0.000
6 1In 0.000 6 Out 0.000

Wetlands planted witfPhragmites australigCav.) Trin. ex Steud. were also
analysed against unplanted wetlands and the Ddtsesulicates that they were
similar (p=0.05) to the corresponding unplanted wetlands operboth indoor and
outdoor (Table 4-6). DO effluent analysis of wetlancontaminated with benzene
indicates that wetlands 5(contaminated) and 6 (otacninated) operated indoor were

statistical significantly different p0.05). In comparison, all other contaminated and
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uncontaminated wetlands of the rig operated botloon and outdoor were
statistically similar (r0.05) (Table 4-6).

However, the analysis of DO effluent indicates tvatlandswith filter media
were statistical significantly different €p0.05) to wetlands with no filter media
operated both indoor and outdoor (Table 4-6).

The yearly analysis of DO effluent indicate that first year operations were
statistical significantly different 0.05) from second year operation of both indoor
and outdoor, with exception of filter 5 operatedaor which was statistically similar

(p=0.05) in both years (Table 4-6).

4.3.2. pH

Extreme pH conditions are expected to have a negatfluence on the ability
of microbial populations to degrade hydrocarbonysté&n with a pH-value outside of
a range from 6.0 to 9.0 will likely cease the atyithe microorganism needed for the
efficient process. However, pH was monitored tceasats role in this study.

The result show that the rig operated outdoor hghtly higher pH than indoor rig,

with exception of filter 2 which has higher pH irddqFigure 4-8). Results also show
a higher pH in the outdoor wetlands during thet fpesar of operation (Figure 4-9). In
comparison, pH concentrations were higher in th& fyear and slightly decline in
subsequent years (Figure 4-10). Overall pH valuegevall higher in outside cells

except for the planted wetlands which showed highaimilar pH indoor.

111



8.80
8.00
7.20
6.40

~—~ 5.60

~— 4.80

L 400
3.20
2.40
1.60
0.80
0.00

Chapter 4

O Indoor @ Outdoor

HH

1 2 3

4 5 6

Wetlands

Figure 4-8. Overall mean pH for the indoor and ootdvetlands

7.60
7.40
7.20
7.00
6.80
6.60
6.40
6.20
6.00

PH ()

OYrlinB&YrlOut

Wetlands

Figure 4-9. First year mean pH for the indoor anttloor wetlands

PH ()

10

OYrlin@Yr2In@Yr2+In

1 2 3
Wetlands

4 5 6

Figure 4-10. Annual pH for the indoor wetlands

112



Chapter 4

Furthermore, pH data were statistically analyseé@diablish the relationship
of the major components. The results indicates Wettands operated indoor were

statistical significantly different 0.05) from those operated outdoor in wetlands 3

and 5, while other wetlands were statistically sam{p>0.05) (Table 4-7).

Table 4-7. Comparison of effluent pH concentratiftmmsconstructed wetlands.

P values
Wetland Indoor vs Outdoor
1Iinand 1 Out 0.603
2 Inand 2 Out 0.217
3 Inand 3 Out 0.003
4 Inand 4 Out 0.152
51Inand 5 Out 0.021
6 In and 6 Out 0.062
P values
Wetland Planted vs unplanted
linand 31In 0.029
1 Out and 3 Out 0.800
2Inand 4 In 0.273
2 Out and 4 Out 0.121
P values
Wetland Contaminated vs uncontaminated
In land 2 0.000
In3and 4 0.000
In5 and 6 0.596
Out 1and 2 0.000
Out 3 and 4 0.000
Out 5 and 6 0.814
P values
Wetland Filter media vs No filter media
3lnand51n 0.512
3 Out and 5 Out 0.802
4Inand 6 In 0.000
4 Out and 6 Out 0.000
P values
Wetland Year 1vs Year 2 Wetland Year 1 vs Year 2
lin 0.001 1 Out 0.000
21n 0.000 2 Out 0.000
31In 0.001 3 Out 0.000
41n 0.000 4 Out 0.000
51In 0.000 5 Out 0.000
6 In 0.000 6 Out 0.000
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Wetlands planted witlPhragmites australiCav.) Trin. ex Steud. were
analysed against unplanted wetlands and the pHtsesudicates that they were
statistically similar (r0.05) to the corresponding unplanted wetlands ¢perhoth
indoor and outdoor, with exception of wetlands @l 8roperated indoor rig which was
significantly different (g 0.05) (Table 4-7).

pH effluent analysis of wetlands contaminated viiémzene indicates clearly
that they were statistical significantly differefp< 0.05) from uncontaminated
wetlands operated both indoor and outdoor, witrep&on of wetlands 5 and 6 which
was statistically similar 0.05) in both indoor and outdoor rigs (Table 4-7).

The analysis of pH effluent indicates that wetlangs filter media were
statistically similar (r0.05) in wetlands with no filter media of the cantaated
wetlands (3 and 5) operated both indoor and outdonaromparison, uncontaminated
wetlands (4 and 6) were statistical significantiffedent (p< 0.05) in both indoor and
outdoor (Table 4-7). This analysis suggests thatdifferences observed could mean
that presence of benzene in the contaminated vastiggand 5) could account for pH
differences in the corresponding uncontaminatedawds (4 and 6).

The yearly analysis of pH effluent indicates thed first year operations were
statistical significantly different §0.05) from second year operations of both indoor

and outdoor (Table 4-7).

4.3.3. Nutrient removal

The nutrients were important parameters to qualistewater in the study,
and were assessed in three parametersNHNOs-N and PQ*. Nutrient removal
performances of the experimental wetland system® vassessed in an attempt to

understand their role in hydrocarbon removal amdoreal mechanisms. The overall
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removal performance observed in the system opeiatédth indoors and outdoor
could be attributed to oxygen release and nitroggitake by macrophytes
significantly contributed to removal as presentedsubsections 4.3.3.1. to 4.3.3.3.
The initial performance of the system was encom@diut decreased as the nutrient
loading was increased. The observed performanceirwagreement with the report
which states that nitrogen removal performancesabsurface flow constructed
wetlands treating ammonia-rich wastewater is oftdatively poor (IWA specialist
group, 2000). Previous findings also indicate #@% of ammonia- nitrogen was
reduced, indicating that nitrification was not aetiin subsurface flow constructed
system (Nerall&t al, 2000).

The nutrient removal performances were assessédeipresent study. The
statistical model used to assess the relationsbigwden main wetland components
and nutrient removal processes was analysis oawegi (ANOVA) and the results
thus presented (subsections 4.3.3.1 - 4.3.3.3).

Though ANOVA showed there were significant diffecenn nutrient values
between year 1 and year 2 (Tables 4-8, 4-9 and) 4vitB exception of wetlands 2
and 5 of the ortho-phosphate-phosphorus that weriéas for the indoor rig (Table 4-
9), removal rates did decrease in year 2. Howésmas the case with all pollutants.
Nutrient removal rates of Ortho-Phosphate-phosghoimmonia-nitrogen and
Nitrate-nitrogen all consistently showed the sarattegpn: there were no significant
difference in nutrient for all variables analysé&alfles 4-8 to 4-10).

However, better effluent ammonia-nitrogen concdiuing observed as presented in
figure 4-13 could be due to increased aeration lzetter weather conditions in the
indoor wetlands, promoting more volatilization abddegradation (Cooper et al.,

1996; Gervin et al., 2001).
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4.3.3. 1. Nitrate-nitrogen

Figure 4-11 shows the mean effluent nitrate-nitrogencentrations in both
indoor and outdoor wetlands. The figure shows thlaate-nitrogen concentrations
were slightly higher in wetlands operated outdowith exception of filter 4 with
higher indoor performance. The contaminated wdah 3 and 5 performed better
than the corresponding uncontaminated wetlandsa®d46. This is an indication that
nitrate-nitrogen was directly involved in hydrocanb removal as an alternative
electron acceptor during anaerobic periods ofifulhdation as reported in previous
publication (documented in appendix A). Nitrateroifen was also used partly by
hydrocarbon degrading microbes thus enhancing ¢neoval performance in the
system. The performance of wetlands without fittexdia (5 and 6) were similar with
filter 5 (contaminated) operated indoor performstightly better than corresponding

filter 6 (uncontaminated) indoor.
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Figure 4-11. Overall nitrate-nitrogen effluent mdéanthe indoor and outdoor wetlands

However, the performances observed above (figut&)4wvere not enough to

establish the significances of the relationshipveen the variables and processes that
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contributed to the observed results. Hence, fureseral statistical analyses were
done and the outcome presented in Tables 4-8.

Nitrate-nitrogen performances of wetlands operaiedoor were statistically
compared to those operated outdoor and the rasditsates that wetlands operated

indoor were statistically similar §0.05) to those operated outdoor (Table 4-8).

Table 4-8. Comparison of effluent Nitrate-nitroggmcentrations for constructed

wetlands.

P values
Wetland Indoor vs Outdoor
lInand 1 Out 0.385
2 In and 2 Out 0.850
3Inand 3 Out 0.664
4 Inand 4 Out 0.927
51In and 5 Out 0.605
6 In and 6 Out 0.925

P values
Wetland Planted vs unplanted
linand 3In 0.384
1 Out and 3 Out 0.734
2Ilnand4In 0.704
2 Out and 4 Out 0.904

P values
Wetland Contaminated vs uncontaminated
In 1land 2 0.310
In3 and 4 0.431
In5 and 6 0.671
Out land 2 0.644
Out 3 and 4 0.790
Out5and 6 0.862

P values
Wetland Filter media vs No filter media
3lnand5In 0.556
3 Out and 5 Out 0.637
41Inand 6 In 0.375
4 Qut and 6 Out 0.385

P values
Wetland Year 1vs Year 2 Wetland Year 1 vs Year 2
1lin 0.001 1 Out 0.000
21n 0.000 2 Out 0.000
31In 0.001 3 Out 0.000
4 In 0.000 4 Out 0.000
51n 0.000 5 Out 0.000
6 1In 0.000 6 Out 0.000
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Wetlands planted witlPhragmites australiCav.) Trin. ex Steud. were
analysed against unplanted wetlands and the nitiategen results indicates that they
were statistically similar §0.05) to the corresponding unplanted wetlands ¢gera
both indoor and outdoor (Table 4-8).

Nitrate-nitrogen effluent analysis of wetlands @minated with benzene
indicates clearly that they were statistically $ami(p>0.05) to uncontaminated
wetlands operated in both indoor and outdoor figdble 4-8).

The analysis of nitrate-nitrogen effluent indicatbst wetlandswith filter
media were statistically similar ¥0.05) to the wetlands with no media (Table 4-8).
The yearly analysis of nitrate-nitrogen effluendisates that the operations in indoor
rig and outdoor rig were statistical significantifferent (p< 0.05) in both years of
operations (Table 4-8).

4.3.3.2. Ortho-phosphate-phosphorus

Figure 4-12 shows the mean effluent ortho-phospplatsphorus
concentrations in both indoor and outdoor wetlanidse figure shows that ortho-
phosphate-phosphorus concentrations were slightijien in wetlands 1 and 2
operated outdoors, in comparison wetlands 3, 4n& @& show slightly higher

performance in these wetlands operated indoors.
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Figure 4-12. Overall ortho-phosphate-phosphorusesit mean for the indoor and outdoor wetlands
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Ortho-phosphate-phosphorus performances of wetlapdsated indoor were
statistically compared to those operated outdodrthe results indicates that wetlands

operated indoor were statistically similaeQu05) to those operated outdoor (Table 4-

9).

Table 4-9. Comparison of effluent Ortho-phosphdtegphorus concentrations for

constructed wetlands.

P values
Wetland Indoor vs Outdoor
1inand 1 Out 0.296
2 Inand 2 Out 0.353
3 Inand 3 Out 0.786
4 Inand 4 Out 0.970
51Inand 5 Out 0.496
6 In and 6 Out 0.650

P values
Wetland Planted vs unplanted
linand 3In 0.629
1 Out and 3 Out 0.287
2Inand 4 In 0.172
2 Out and 4 Out 0.019

P values
Wetland Contaminated vs uncontaminated
In land 2 0.398
In3and 4 0.799
In5 and 6 0.570
Out 1and 2 0.398
Out 3 and 4 0.544
Out 5 and 6 0.636

P values
Wetland Filter media vs No filter media
3lnand 5 1n 0.830
3 Out and 5 Out 0.433
4Inand 6 In 0.892
4 QOut and 6 Out 0.543

P values
Wetland Year 1vs Year 2 Wetland Year 1 vs Year 2
lin 0.001 1 Out 0.000
21n 0.074 2 Out 0.018
31In 0.000 3 Out 0.000
41n 0.000 4 Out 0.000
51In 0.099 5 Out 0.000
6 1In 0.004 6 Out 0.000

Wetlands planted witlPhragmites australiCav.) Trin. ex Steud. were

analysed against unplanted wetlands and the oftbeghate-phosphorus results
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indicates that they were statistically similaeQp5) to the corresponding unplanted
wetlands operated both indoor and outdoor, withepiion of wetlands 2 (planted)
and 4 (unplanted) operated outdoor which weressitzdi significantly different (g
0.05) (Table 4-9).

Ortho-phosphate-phosphorus effluent analysis ofamds contaminated with
benzene indicates clearly that they were statiticaimilar (p=0.05) to
uncontaminated wetlands (Table 4-9). The analytisrtho-phosphate-phosphorus
effluent indicates that wetlandsth filter media were statistically similar ¥p.05) to
the wetlands with no media (Table 4-9). The yeahalysis of ortho-phosphate-
phosphorus effluent indicates that the first yegrerations were statistical
significantly different (g 0.05) from second year operations of both indowd a
outdoor rigs, with exception of wetlands 2 and &t twere similar for the indoor rig

(Table 4-9).

4.3.3.3. Ammonia-nitrogen

Figure 4-13 shows the mean effluent ammonia-nitmagencentrations in both
indoor and outdoor wetlands. The figure shows &ématnonia-nitrogen concentrations
were slightly higher in all wetlands operated owido in comparison all wetlands

operated indoors show slightly lower ammonia-nigtogemoval.

120



Chapter 4

O Indoor & Outdoor
45 -
40 ~
35

25 7| 1| et i
2N I 1§ I
15 A SN e S
10 -

Concentration (mgl ™)

1 2 3 4 5 6
Wetlands

Figure 4-13. Overall ammonia-nitrogen effluent méarthe indoor and outdoor wetlands

Ammonia-nitrogen performances of wetlands operatedioor were
statistically compared to those operated outdodrthe results indicates that wetlands
operated indoor were statistically similae(p05) to those operated outdoor (Table 4-
10). Wetlands planted witAhragmites australigCav.) Trin. ex Steud. were analyzed
against unplanted wetlands and the ammonia-nitroggults indicates that they were
statistically similar (r0.05) to the corresponding unplanted wetlands éperhaoth
indoor and outdoor (Table 4-10).

Ammonia-nitrogen effluent analysis of wetlands ewoninated with benzene
indicates clearly that they were statistically $ami(p>0.05) to uncontaminated
wetlands operated in both indoor and outdoor figdble 4-10).

The analysis of ammonia-nitrogen effluent indicatest wetlandswith filter
media were statistically similar ¥p.05) to the wetlands with no media (Table 4-10).
The yearly analysis of ammonia-nitrogen effluentigates that the first year
operations were statistical significantly differefpp< 0.05) from second year

operations of both indoor and outdoor rigs (TabE}
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Table 4-10. Comparison of effluent Ammonia-nitrog@mcentrations for constructed

wetlands.

P values
Wetland Indoor vs Outdoor
lInand 1 Out 0.957
2 In and 2 Out 0.646
3Inand 3 Out 0.627
4 In and 4 Out 0.555
51In and 5 Out 0.643
6 In and 6 Out 0.793

P values
Wetland Planted vs unplanted
linand 3In 0.424
1 Out and 3 Out 0.861
2Ilnand4In 0.109
2 Out and 4 Out 0.630

P values
Wetland Contaminated vs uncontaminated
In 1land 2 0.953
In3 and 4 0.330
In5 and 6 0.747
Out 1and 2 0.666
Out 3 and 4 0.438
Out5and 6 0.623

P values
Wetland Filter media vs No filter media
3lnand5In 0.273
3 Out and 5 Out 0.313
41Inand 6 In 0.701
4 Qut and 6 Out 0.480

P values
Wetland Year 1vs Year 2 Wetland Year 1 vs Year 2
1lin 0.000 1 Out 0.000
21n 0.000 2 Out 0.000
31In 0.000 3 Out 0.000
4 In 0.000 4 Out 0.000
51n 0.000 5 Out 0.000
6 1In 0.000 6 Out 0.000
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4.3.4. Electrical Conductivity

Electrical conductivity is a useful indicator essan for control and
optimization of the wetland among other variablesias monitored to access its role
in this research. The result show that wetlandsid 2 performed slightly better in
outdoor rig, wetlands 3 and 4 had a similar perforog in both indoor and outdoor
rigs while wetlands 5 and 6 show higher perforneaimcindoor rig (Figure 4-14).
Comparison of year 1 performances shows a higheduwsdiivity in the indoor
wetlands 1 and 3, similar performance in filterwhile wetlands 2, 5 and 6 show
higher performances outdoors (Figure 4-15). Howevgearly performance
comparison show best performance in year 1 butedsed geometrically as the years
of operation increases (Figure 4-16) with exceptainfilter 6 that show better
performance in yearl and decreased in year 2 leupéinfformance increased again

after the second year.
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Figure 4-14. Overall conductivity effluent mean tbe indoor and outdoor wetlands
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Figure 4-15. First year conductivity effluent fbietindoor and outdoor wetlands
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Figure 4-16. Annual conductivity effluent for thatdoor wetlands

Overall conductivity performances of wetlands opeta indoor were

statistically compared to those operated outdodrthe results indicates that wetlands

operated indoor were statistically simila=(p05) to those operated outdoor in all

wetlands (Table 4-11).
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Table 4-11. Comparison of effluent Conductivity centrations for constructed

wetlands.

P values
Wetland Indoor vs Outdoor
lInand 1 Out 0.121
2 In and 2 Out 0.327
3Inand 3 Out 0.823
4 Inand 4 Out 1.000
51In and 5 Out 0.889
6 In and 6 Out 0.854

P values
Wetland Planted vs unplanted
linand 3In 0.117
1 Out and 3 Out 0.871
2Ilnand4In 0.428
2 Out and 4 Out 0.091

P values
Wetland Contaminated vs uncontaminated
In 1and 2 0.025
In3 and 4 1.000
In5 and 6 0.857
Out land 2 0.188
Out 3 and 4 0.863
Out5and 6 0.917

P values
Wetland Filter media vs No filter media
3lnand5In 0.596
3 Out and 5 Out 0.385
41Inand 6 In 0.839
4 Qut and 6 Out 0.656

P values
Wetland Year 1vs Year 2 Wetland Year 1 vs Year 2
1lin 0.000 1 Out 0.000
21n 0.001 2 Out 0.000
31In 0.000 3 Out 0.000
4 In 0.000 4 Out 0.000
51n 0.000 5 Out 0.000
61In 0.000 6 Out 0.000

Wetlands planted witfPhragmites australigCav.) Trin. ex Steud. were also
analysed against unplanted wetlands and the camdyaesults indicates that they
were statistically similar g0.05) in all wetlands operated both indoor and ootd

(Table 4-11).

125



Chapter 4

Conductivity effluent analysis of wetlands contaated with benzene
indicates that they were statistically simila=@5) to uncontaminated wetlands
operated in both indoor and outdoor rigs, with @ticm of wetlands 1(contaminated)
and 2 (uncontaminated) that were statistical figantly different (< 0.05) indoor
(Table 4-11).

The analysis of conductivity effluent indicatesttigetlandswith filter media
were statistically similar g0.05) to wetlands with no filter media operatedhbot

indoor and outdoor (Table 4-11).

The yearly analyses of conductivity effluent indecahat the first year
operations were statistical significantly differépt 0.05) from second year operation

of both indoor and outdoor (Table 4-11).

4.3.5. Redox potential

Redox was monitored to access its role in thisamese The result show that
slightly better performance in rig operated indedth exception of filter 5 with
similar performance and slightly lower performaimcdilter 6 ( Figure 4-17). Maurer
and Rittmann (2004a) observed that BTEX are mosdyedegraded under high redox
conditions, with the degradation ability decreasedhe order: aerobic oxidation,
denitrification, iron reduction, sulphate reductiand methanogenesis. The observed
redox performances were constantly high enoughinoukate benzene degradation.
However, yearly performance comparison show redndh the wetland redox as the
years increases (Figure 4-18). This could contebiat reduced benzene removal

efficiency observed (chapter 5) as the year ine®as
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Figure 4-17. Overall Redox effluent mean for theéaor and outdoor wetlands
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Figure 4-18. Annual Redox effluent for the indoaetlands

Overall Redox performances of wetlands operateddndvere statistically
compared to those operated outdoor and the rasditsates that wetlands operated
indoor were similar (0.05) to the corresponding wetlands operated oufdeibh
exception to filter 3 operated indoor that wasistiaal significantly different (g

0.05) from filter 3 operated outdoor (Table 4-12).
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Table 4-12. Comparison of effluent Redox conceiunatfor constructed wetlands.

P values
Wetland Indoor vs Outdoor
lInand 1 Out 0.618
2 In and 2 Out 0.057
3Inand 3 Out 0.015
4 In and 4 Out 0.674
51In and 5 Out 0.926
6 In and 6 Out 0.537
P values
Wetland Planted vs unplanted
linand 3In 0.046
1 Out and 3 Out 0.816
2Ilnand4In 0.499
2 Out and 4 Out 0.371
P values
Wetland Contaminated vs uncontaminated
In 1land 2 0.706
In3 and 4 0.004
In5 and 6 0.566
Out 1and 2 0.053
Out 3 and 4 0.154
Out5and 6 0.921
P values
Wetland Filter media vs No filter media
3lnand5In 0.045
3 Out and 5 Out 0.736
41Inand 6 In 0.678
4 Qut and 6 Out 0.148
P values
Wetland Year 1vs Year 2 Wetland Year 1vs Year 2
1lin 0.000 1 Out 0.000
21n 0.000 2 Out 0.000
31In 0.830 3 Out 0.000
4 In 0.000 4 Out 0.000
51n 0.000 5 Out 0.000
6 1In 0.000 6 Out 0.000

Wetlands planted witfPhragmites australigCav.) Trin. ex Steud. were also
analysed against unplanted wetlands and the Reskits indicates that they were
similar (p=0.05) to the corresponding unplanted wetlands, exteption of wetlands
1 (planted) and 3 (unplanted) both operated indlbat were statistical significantly

different from each other £00.05 (Table 4-12).
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Redox effluent analysis of wetlands contaminateith wenzene indicates that
they were statistically similar §0.05) to uncontaminated wetlands operated in both
indoor and outdoor rigs. However, wetlands 3 andpérated indoor as well as
wetlands 1 and 2 operated outdoor were statissicglificantly different (g 0.05)
(Table 4-12).

The analysis of Redox effluent indicates that wettawith filter media were
statistical significantly different 0.05) to wetlands with no filter media operated in
wetlands 3 and 5 indoor. While other wetlands aerdoth indoor and outdoor were
statistically similar (r0.05) (Table 4-12).

The yearly analyses of Redox effluent indicate that first year operations
were statistical significantly different €p0.05) from second year operation of both
indoor and outdoor, with exception of filter 3 opied indoor that was statistically

similar (20.05) in both years (Table 4-12).

4.3.6. Turbidity

Turbidity was monitored to access its role in tiesearch. The result show
that wetlands 1, 2 and 4 performed better in indagy filter 6 performance was
similar in both indoor and outdoor rigs while weills 3 and 5 show lower turbidity
in outdoor rig (Figure 4-19). Comparison of yegoekformances show that wetlands
1, 2 and 4 performed better in indoor rig, filtep&rformance was similar in both
indoor and outdoor rigs while wetlands 3 and 6 wshmwer turbidity in outdoor rig
(Figure 4-20).

However, yearly performance comparison show tutpididuces as year increases in

wetlands 1, 2, 4 and 6, while filter 3 shows lownbidity in year 1 but increased
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during year 2 and reduced again after year 2.eFdtshow that turbidity increases

with years of operation (Figure 4-21).
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Figure 4-19. Overall Turbidity effluent mean foetimdoor and outdoor wetlands
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Figure 4-20. First year turbidity effluent for theloor and outdoor wetlands
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Figure 4-21. Annual Turbidity effluent for the inolowetlands
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Overall Turbidity performances of wetlands operatetbor were statistically
compared to those operated outdoor and the rasditsates that wetlands operated
indoor were similar (p0.05) to the corresponding wetlands operated outdioo
uncontaminated wetlands (2, 4 and 6), while sta#iktsignificantly different (g
0.05) in contaminated wetlands (1, 3 and 5) (Tdbkle3). This could be an indication
that biodegradation and other reactions takingeplaccontaminated wetlands were

responsible for turbidity differences observed.

Table 4-13. Comparison of effluent Turbidity contrathions for constructed wetlands.

P values
Wetland Indoor vs Outdoor
lInand 1 Out 0.030
2 Inand 2 Out 0.461
3Inand 3 Out 0.000
4 In and 4 Out 0.503
51Inand 5 Out 0.000
6 In and 6 Out 0.490
P values
Wetland Planted vs unplanted
linand 3In 0.000
1 Out and 3 Out 0.003
2Ilnand 4 In 0.045
2 Out and 4 Out 0.128
P values
Wetland Contaminated vs uncontaminated
In land 2 0.294
In3 and 4 0.000
In5 and 6 0.000
Out 1and 2 0.007
Out 3 and 4 0.070
Out 5 and 6 0.840
P values
Wetland Filter media vs No filter media
3lnand 5 1In 0.000
3 Out and 5 Out 0.000
4Inand 6 In 0.008
4 Qut and 6 Out 0.010
P values
Wetland Year 1vs Year 2 Wetland Year 1 vs Year 2
1lin 0.023 1 Out 0.000
21n 0.000 2 Out 0.000
31In 0.169 3 Out 0.970
4 In 0.002 4 Out 0.001
5In 0.000 5 Out 0.031
61In 0.244 6 Out 0.021
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Wetlands planted witfPhragmites australigCav.) Trin. ex Steud. were also
analysed against unplanted wetlands and the Ttybiesults indicates that they were
statistical significantly different from each oth{er 0.05), with exception of wetlands
2 (planted) and 4 (unplanted) operated outdoommre similar (g0.05) (Table 4-
13).

Turbidity effluent analysis of wetlands contamimht@ith benzene versus
corresponding uncontaminated wetlands indicatdsabands (3 and 4 indoor, 5 and
6 indoor, and 1 and 2 outdoor) were statisticatificantly different (g< 0.05), while
wetlands (1 and 2 indoor, 3 and 4 outdoor, and & Gmutdoor) were statistically
similar (=0.05) (Table 4-13).

The analysis of Turbidity effluent indicates thagtlandswith filter media were
statistical significantly different ¢ 0.05) to wetlands with no filter media operated
both indoor and outdoor (Table 4-13).

The yearly analyses of Turbidity effluent indic#ébat the first year operations
were statistical significantly different €p0.05) from second year operation of both
indoor and outdoor, with exception of filter (3 afdoperated indoor, and filter 3

operated outdoor) that were statistically simifazQ.05) (Table 4-13).

4.4. Microbiological examination

Wetlands contain diverse microbial populations Wwhioclude the flora of
bacteria, fungi and algae. These microbes are itapofor pollutant transformations
which help wetland ecosystems to operate consigtéottreat wastewater. This
subsection documented the findings of the microbpagdulations’ examination. In an
attempt to enumerate the aromatic degrading misrabgolved in this study,

microbiological examination was carried out. Heteyphic Plate Count (HPC) was

132



Chapter 4

used to estimate the number and distribution o Ineterotrophic bacteria in the
wetland. The microbiological examination result®whPseudomonas species to be
the major microorganism in this research among rotmécrobes tested. This
observation supported previous findings which stateat numerous benzene-
degrading aerobic microorganisms have been idedtithe most notable of which are
the Pseudomonas species, which may account foo 8% of the petrol-degrading
microorganisms in contaminated aquifers (Ridgewayale 1990). Biologically-
mediated degradation reactions involve electronnstex, and the preferred
degradation pathway for a given compound in thesgriace is dependent on the
oxidation state of the organic compound and on ldoal water chemistry and
microbial populations. Microorganisms gain energy growth and reproduction by
catalyzing oxidation reduction reactions, which uieg an electron donor and an
electron acceptor. Organic contaminants (aromattrdtarbon) can be degraded by
serving as either an electron donor that becomelizexl or as an electron acceptor
that becomes reduced.

This suggests that soil microbes have the capdoitdecompose organic
matter and aerobic metabolism can be enhanced $eaduDO saturation (Kadlec
and Knight 1996). Moreover, previous research sliothat microorganisms can be
bioindicators to determine the water quality anehiify microbiological processes in
constructed wetlands (Schatal, 2002).

Figure 4-22 shows the mean HPC result of the hydbmn degrading
microbes thriving in contaminated and uncontamuohatetlands operated in both in

indoor (environmentally controlled) and outdoors.
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Figure 4-22. Overall HPC for the indoor and outdeetlands

The HPC result as presented in the bar chat belmw snore microbes in
contaminated wetlands of the indoor rig (Figure33-&ith exception of filter 1 that
was similar, which is an indication that hydrocarltegrading microbes thrives best
in the indoor rig with better environmental conaiits. The result could be one of the
evidence for a better hydrocarbon removal perfoceaas seen (chapter 5) in the rig
operated indoor. This finding suggests that therxof hydrocarbon biodegradation
in wetlands is critically dependent upon the crgatof optimal environmental
conditions to stimulate biodegradative activitygiiie 4-24). Furthermore, the result
show that the microbial species in wetlands fumgim a wide range of physical and
chemical conditions. Overall wetland parameterghsas dissolved oxygen, water
temperature and influent constituent concentratiansst be controlled through
design and system operational control to keep tloeoimial community in harmony
for optimal treatment.

In comparison, uncontaminated wetlands show morzaiés in outdoor rig
(Figure 31) and fewer microbes in the correspondmgtaminated wetlands operated

outdoors.
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Figure 4-23. Microbial distribution (HPC) in therdaminated wetlands
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Figure 4-24. Microbial distribution (HPC) in theaontaminated wetlands

Furthermore, the corresponding HPC Percentage malrdistribution in the
indoor wetlandpresented in figurd-25 show more microbes in contaminated
wetlands 3 and 5 to be 22 and 33% respectively siightly similar distribution in
wetlands 1 (16%) and 2 (17%) for the indoor rigjlesincontaminated filter 4 and 6
were 4 and 6% respectively. These were an indicdltiat hydrocarbon degrading

microbes thrives best in contaminated wetland&@fridoor rig with better
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environmental conditions. These results establishedink with better indoor

hydrocarbon performance observed (chapter 5) swrdsearch.

4% 22%

Figure 4-25. Percentage microbial distributionhia indoor wetlands

In comparison, uncontaminated wetlands Percentag®Ional distribution in
the outdoor wetlandgresented in figurd-26 show more microbes in uncontaminated
wetlands 2 and 4 to be 23 and 16% respectively slightly similar distribution in
wetlands 5 (17%) and 6 (16%) for the outdoor rigilevthe chart show fewer
microbes in the corresponding contaminated wetlébdsd 3 were 17 and 11%

respectively) operated outdoors.

16% 17%

Figure 4-26. Percentage microbial distributionha butdoor wetlands
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Despite the chat presentations above, microbidiriloligions of wetlands
operated indoor were statistically compared toe¢hmserated outdoor and the results
indicates that wetlands operated indoor were sinfpa0.05) to the corresponding
wetlands operated outdoor in uncontaminated wesl§dd4 and 6) and contaminated
filterl, while statistical significantly differerpp< 0.05) in contaminated wetlands (3
and 5) (Table 4-14). This analysis is in agreemeith the chat presented above
(figure 4-26) and is an indication that microbesvih best in appropriate controlled

and steadier environment.

Table 4-14. Comparison of microbial distributionsconstructed wetlands.

P values
Wetland Indoor vs Outdoor
1linand 1 Out 0.454
2 Inand 2 Out 0.762
3 Inand 3 Out 0.025
4 Inand 4 Out 0.135
51Inand 5 Out 0.024
6 In and 6 Out 0.594

P values
Wetland Planted vs unplanted
linand 3In 0.327
1 Out and 3 Out 0.379
2Inand 4 In 0.005
2 Out and 4 Out 0.253

P values
Wetland Contaminated vs uncontaminated
In land 2 0.862
In3and 4 0.001
In5 and 6 0.003
Out 1and 2 0.293
Out 3 and 4 0.446
Out 5 and 6 1.000

P values
Wetland Filter media vs No filter media
3lnand 5 1n 0.374
3 Out and 5 Out 0.498
4Inand 6 In 0.331
4 Qut and 6 Out 0.930

137



Chapter 4

Wetlands planted witRhragmites australigCav.) Trin. ex Steud. were also
analysed against unplanted wetlands and the Hedptot Plate Count results
indicates that they were statistically similar freach other@0.05), with exception
of wetlands 2 (planted) and 4 (unplanted) operatedor that were significantly
different (< 0.05) (Table 4-14).

Heterotrophic Plate Count of microbes in wetlanolstaminated with benzene
versus corresponding uncontaminated wetlands itedicthat wetlands (3 and 4
indoor, and 5 and 6 indoor) were statistical sigaiitly different (g 0.05), while
other wetlands were statistically similae(p05) (Table 4-14).

The analysis of microbes in the effluent indicatdst the microbe
distributions were statistically similar ¥0.05) in all wetlandsith filter media and
those with no filter media operated indoor and oatd(Table 4-14). This suggests
that filter media might not be a big factor but kkboontribute indirectly by providing
surface for microorganism attachment in the wetland
Overall microbial examination results show a higevelopment of aerobic
heterotrophic bacteria and positive hydrocarbohzirtg microbes’ response in the
experimental constructed wetlands which is in agesg with previous findings by
Salmon et al (1998). Moreover, these microbes pgbmteracted with the plants
and other wetland components for the biodegradatiohydrocarbon. Furthermore
the comparative wetlands operated outdoors shoVigiatlg lower performances to

the wetlands operated indoors studied in parallel.
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4.5. Summary

This chapter has investigated extensively, the afleconstructed wetland
components and demonstrated that intermittentlydiéal vertical-flow wetlands were
highly efficient for COD, BOD, Nutrient and otherater quality variables removal.
The better HPC result in the rig operated indoanvif@nmentally controlled)
established the link with better indoor hydrocarlpenformance observed (chapter 5)
and thus demonstrated that the extent of hydrocabiedegradation in wetlands is
critically dependent upon the creation of optimavieonmental conditions which
could favour the microbes and stimulate biodegiradaictivity.

Furthermore, macrophytes presence in the presedy stoes show similarity
on all the variables analysed with exception of @antivity (Table 4-11), pH with
exception of indoor wetlands which show differetetween planted and unplanted
(Table 4-7) and Turbidity with exception of outdowetlands 2 and 4 which show
difference between planted and unplanted (Table3)4-However, macrophytes
provided good filtration conditions by preventirgftfilter from clogging and provide
surface for microbes’ attachment. However it shduddremembered that the effects
of macrophytes go beyond aesthetics or supporthblg to maintain the natural

processes that are being mimicked in constructémas (Kadlec, 2001).
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Hydrocarbon performance evaluations*

5.1.0verview

This chapter presented very vital results of thedygtas it examines
hydrocarbon removal performance in the construetetland systems. The internal
workings of various wetland designs and major comepds were evaluated in section
5.2. Section 5.3 presented the result of the amditi experiment to investigate
hydrocarbon removal mechanism while subsectiongsidctimented factors affecting
hydrocarbon removal, in an attempt to assess tles ptayed by other water quality
variables in benzene removal. 5.4.1 and 5.4.2 ateduthe role of temperature,
aggregates (filter media) and macrophytes on benmmoval respectively, and 5.4.3
documented role of nutrients. Section 5.5 presenteel traced changes of

hydrocarbon removal performance with running perod the observed impact of

* parts of this chapter have been published and irstrpfize in the 2007 Society of Petroleum Engied8PE) European Regional paper contest as:

Eke P. E., Scholz, M., and Wallace S.D., (2007lopsfructed Treatment Wetlands: Innovative Technpfogthe Petroleum Industry. The paper was alsided and
presented at the 2007 Society of Petroleum Engsn@&#*E) Annual Technical Conference and Exhibi(®RCE), and SPE International Student Paper Colhielston
11-14 November in Anaheim, California, USA. Availnline in Society of Petroleum Engineers Intéiomel elibrary (http://www.spe.org/elibrary), SRE3644. DOI:
10.2118/113644-STU (original copy documented ineayolix A).

An earlier version of parts of this chapter wae glablished as:

Eke P. E. and Scholz M. (2006), Hydrocarbon Remunitl Constructed Treatment Wetlands for the Berafthe Petroleum Industry. In: Proceedings ofBeh
International Conference on Wetland Systems foréWRbllution Control, 23-29 September 2006, ed ®s¥ and Vymazal J. International Water Associatiosbon,
Portugal, Volume 3:1707-1714, ISBN: 989-20-0361-6.
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long-term operation of hydrocarbon contaminated tewaater in experimental

constructed wetlands. Section 5.6 summarized thpteh

5.2. Removal performance

How well constructed wetlands perform basic physidaological and
chemical treatment functions to remove hydrocarbas been studied for over two
years (31 months) in Edinburgh. Paper documemegppendix A summarized the
removal efficiencies of different wetlands whilegére 5-1 and Table 5-1 presented
the hydrocarbon treatment performance for bothitlde®or and outdoor rigs. The
benzene removal efficiency varied with time. No iolng decrease of the benzene
removal efficiency was observed between April 2888 October 2005 for both the
indoor and outdoor wetlands (Fig. 5-1).

The benzene removal performances for both theoindad outdoor
wetlands are shown in Fig. 5-1. Benzene removatieffcies were higher for the
indoor wetlands than for those located outdoorse Tihdings indicate very high
overall mean removal efficiencies for Benzene to9986 for wetlands operated
indoors in comparison to slightly lower overall metteatment performances of
approximately 81% for wetlands operated outdooigu{lé 5-1 and Table 5-1). These

findings were comparable to data published preWdog Myers and Jackson (2001).

Table 5-1. Effluent benzene concentrations in $eteconstructed wetlands

. Mean SD SE 95% Confidence Interval Minimum  Maximum Mean Re
Rig. No N
mg/l mg/l mg/l mg/l mg/l mg/l %

1lln 41  112.87° 146.43 22.87 66.65~159.09 0.00 467.00 88.71
3In 41  102.7F 13458 21.02 60.25~145.21 0.00 653.60 89.73
5In 41  102.34 129.67 20.25 61.41~143.27 0.00 452.10 89.77
10ut 41 247.99 243.43 38.02 171.15~ 324.83 0.00 997.50 75.20
30ut 41 273.42 319.66 49.92 172.52~374.32 0.00 1241.10 72.66
50ut 41 195.4F° 28035 43.78 106.93~283.90 0.00 1016.90 80.46
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In and Out represent indoor and outdoor selectedtnacted wetlands; N, sampling number, data deitebetween April 2005 and October 2007(31
months (Table 5-2)); SD, standard deviation; S&ndard error; Mean Re, Mean removal efficienciedémzene during the whole observational period. In
any one column, values marked with different Iatine significantly different from each other atq05 according to the Duncan’s multiple rangestest

O Indoor ¥ Outdoor

Wetlands

Figure 5-1. Comparison of overall benzene remotfadiencies for the indoor and
outdoor wetlands

A common measure of wetland pollutant removal ¢iffecess is the
percentage reduction in pollutant concentratiortherpollutant ‘removal efficiency’.

The benzene removal efficiency was calculated uSopgation 5-1.

E (%) - Cin B Cout *100 5-1

in

Where; E = removal efficiency, and,@nd G, are the mean benzene influent and
effluent concentrations, respectively. In the calsansteady flow and pollutant input
conditions, G, and G are often computed as flow weighted mean concmisa

The use of E as a measure of wetland effectiveceas®ften mask the effects
of significant influences of the wetland system ragieg conditions on the wetland
system’s effectiveness as a water pollution corigaility.
These operating conditions include:

= background pollutant concentration levels

= input concentration
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= hydraulic loading (ratio of mean discharge to aed surface area), and

= hydraulic residence time of the pollutant phase

Each of the above factors influences the performarfca wetland, as measured
by E, in a non-linear manner. In practice, it vil# appropriate when comparing E
values derived for different wetlands to incorpertte above four factors to allow a
common basis for comparison.

The overall slightly better removal rate thus aebee in rig operated indoor
(Table 5-1 and Figure 5-1) could be attributed preghantly to control of
environmental variables such as higher and steaeinperature, humidity and light
resulted in improved overall treatment performaoteéhe wetlands as indicated by
the slightly stable values of the indoor rig (Fig-1), see section 5.4 for more detail
on factors affecting hydrocarbon removal. It cohtd partly because of the presence
of fertilizer enhancing the biodegradation rate ahdcause some microbial
communities are able to utilize the nitrogen congmin(i.e. nitrate-nitrogen) of the
fertilizer, more detail on section 5.4.3his suggests that during biodegradation,
microbes transform available nutrients, includingditocarbons, into substances
useful for energy and cell reproduction. This isastordance with previous finding
by Admire et al (1995) which states that microbbsam energy by facilitating the
transfer of electrons from electron donors to etectacceptors. This results in the
oxidation of electron donors and the reductionletton acceptors. Electron donors
include natural organic material and petroleum bgdrbons. Electron acceptors in
this study include dissolved oxygen and nitratee Tuse of electron donors by
microbes begins with dissolved oxygen (aerobic @) which occur more in the
upper part of the wetlands in the current studylioweed by anaerobic (absent or

minimal dissolved oxygen) which occur in the lowsrt during full inundation of
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wetlands of the wetlands. This observation supptirtsfindings by Admire et al
(1995) which states that when oxygen is not presersufficient amounts, nitrate,
sulfate, ferrous iron, and low carbon dioxide mayked as electron acceptors.

The rate of natural microbial degradation of hyambons is related to the
abundance of electron acceptors such as oxygemdfull inundation of wetlands
in this study oxygen is depleted (anaerobic coodg), some microbes use electron
acceptors such as nitrate. BTEX biodegradatiors rateler anaerobic (when oxygen
is absent) conditions are slower than when oxygeoreésent (aerobic conditions) as
observed in this study. Table 5-2 presented Benmezan removal efficiency which
show more detail as it narrowed the analysis to thiprbasis. Both indoor and
outdoor wetlands 5 (used as blanks and controlsaggregates and no planting)
exhibited an excellent benzene removal performamcemparison to wetlands filled
with aggregates in some instances (Table 5-2). Ehettributed to biodegradation
and volatilization. Lahvis et al (1999) reportecattraerobic biodegradation and
volatilization constitute a coupled pathway thattcibutes significantly to the natural
attenuation of hydrocarbon. Findings documenteappendix A deliberated on an
experiment to determine the biodegradation andtNiaktion of benzene, and found
that volatilization was the dominant pathway fonbene removal after one day of

retention time (more detail in section 5.3.1).
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Table 5-2. Mean benzene removal efficiencies (%jHe indoor (i) and outdoor (0)
wetlands (F1, F3 and F5)

Month/Wetland Fli Flo F3i F3o F5i F50
Overall 89 76 90 73 90 81
Apr-05 100 100 98 100 95 99
May-05 98 97 87 95 100 91
Jun-05 97 92 87 94 74 73
Jul-05 100 95 86 99 85 93
Aug-05 100 82 90 83 67 70
Sep-05 100 94 100 100 100 100
Oct-05 100 100 100 100 100 100
Nov-05 100 100 100 100 100 100
Dec-05 100 100 97 100 100 97
Jan-06 100 100 99 96 100 100
Feb-06 100 95 94 100 100 76
Mar-06 100 100 100 100 100 97
Apr-06 100 97 100 100 100 98
May-06 100 93 99 100 100 99
Jun-06 100 90 99 100 100 100
Jul-06 97 82 92 100 100 100
Aug-06 82 64 100 100 100 100
Sep-06 100 46 100 65 100 54
Oct-06 92 97 96 94 92 99
Nov-06 90 78 84 76 89 85
Dec-06 57 35 35 45 68 88
Jan-07 92 75 85 72 91 90
Feb-07 94 64 95 49 89 34
Mar-07 73 38 76 13 66 35
Apr-07 97 95 87 87 99 96
May-07 60 40 82 (7) 89 45
Jun-07 72 64 94 60 86 88
Jul-07 86 51 100 49 93 65
Aug-07 83 78 91 76 99 98
Sep-07 68 62 86 70 75 67
Oct-07 73 55 72 47 68 72

Benzene contained in the wetlands 5, which resensbddbilization ponds
(extended storage), could volatilize directly te ttmosphere. Suitable environmental
boundary conditions such as a high temperaturetabdlent airflow encourage the
volatilization process and improve benzene rem@vee et al., 2004).

Further investigation on the impact of environmémantrol on operating
conditions of the wetland was done on the efflidatta of the contaminated wetlands.

Overall Benzene performances of wetlands operatetbor were statistically
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compared to those operated outdoor and the rasdlitsates that wetlands operated
indoor were similar (0.05) to the corresponding wetlands operated out(icable
5-3).

Table 5-3. Comparison of effluent Benzene concénotra for constructed wetlands
operated indoor (In) and outdoor (Out).

P values
Wetland Indoor vs Outdoor
1linand 1 Out 1.000
3 In and 30ut 0.369
51Inand 5 Out 0.282

The result of statistical analysis show that wettammperated indoor were
similar with those operated outdoor. This indicatbat there was no direct
temperature dependence observed in benzene resfteancy of wetlands operated
both indoor and outdoor which is in accordance Mitidings published elsewhere
(Adachi et al., 2001). This relationship differ@rr the graphical representation as
presented in figure 5-1 above. Figure 5-1 is ancattbn that despite the result of
statistical analysis (Table 5-3), suitable envirental boundary conditions such as a
high temperature and turbulent airflow encourades volatilization process and
improve benzene removal (Lee et al., 2004). Mamzkne performances in terms of
temperature and seasonal relationship are presensegbsection 5.4.1 and chapter 6.
The yearly analyses of Benzene effluent indicate the first year operations were
statistical significantly different 0.05) from second year operation for wetlands 1
(planted with filter media) of both indoor and ood. However, other wetlands (3
and 5 operated indoor and outdoor) were statisgisahilar (p>0.05) (Table 5-4).

Table 5-4. Comparison of effluent Benzene concéntia for constructed wetlands
operated in year 1 and year 2.

Wetland P values
Year 1vs Year 2 Wetland Year 1 vs Year 2
1lin 0.000 1 Out 0.000
31In 0.272 3 Out 0.269
51In 0.472 5 Out 0.719
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5.3. Hydrocarbon removal mechanism

The design and description of treatment wetlandsbased on two important
parameters: hydraulics and pollutant removal. Hawewvconsidering that the
components of the hydrocarbon and the processés trthnsformation, metabolism
and degradation are complex, the mechanisms oftntezs within constructed
wetlands are not yet entirely known. Moreover, ¢hare no known practicable or
academically established criteria to assess thehamésms and performances of
hydrocarbon removal within constructed wetlandse Great challenge is the design
and operation of wetland systems, which could methe right environment required
for the desired microorganism community to removghhstrength and toxic
contaminants in wastewater.

A better understanding of the effects of environtakerfactors such as
temperature and humidity, and their possible sedsoteractions with plants, filter
media, nutrients and microorganisms is particulamyortant when optimizing the
design, treatment and management of hydrocarbotammomated wastewater. Taking
these factors into considerations, environmentaitroied rig was operated to
investigate the internal mechanisms and operatingdiions. As in other
applications of treatment wetlands, there are s&etaof mechanisms for the removal
of hydrocarbon compounds which include volatiliaati biodegradation, adsorption,
absorption, biotransformation, chemical precip@ati mineralization, sorption,
photolysis, filtration, evapotranspiration, sefglinphotochemical oxidation and etc.
Wetlands as natural bioreactors utilize variouscigseof plants and microbes in the
environment to detoxify contaminants (hydrocarbpn@sent in the water. Scholz
(2006) show that naturally developed flora and &umcluding hydrocarbon

decomposing bacteria, sulfate reducing bacteriafyimg and denitrifying bacteria,
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algae, etc. biodegrade various contaminants presevastewater. Biodegradation of
hydrocarbons is the result of the metabolic agtieit microorganisms, metabolism is
a term that embraces the diverse reactions by waicticroorganism Processes food
materials to obtain energy and the compounds frdmelwcell components are made.

The result to establish major hydrocarbon remowetimnism is presented below.

5.3.1. Biodegradation and Volatilization Determinaion

Literature survey done on hydrocarbon removal mmeishas in constructed
wetland show that very few studies have been donthe use of treatment wetlands
for the petroleum industry and little or none detkd to determine the role of
volatilization or biodegradation in volatile organcompound removal including
benzene. However, studies show that processes auedsorption, biodegradation
and volatilization contributed mostly to benzenmogal (Corley et al., 1996; Lee et
al., 2004; Li et al., 2006). Extra study investaghthe main removal mechanisms in
an attempt to understand precisely the internatge®es of constructed wetlands.
Biodegradation and volatilization were tested ipagate experiments. Two extra
wetlands (heights: 24 cm; diameters: 5 cm) were et under controlled
environmental conditions; one wetland comprisedreggtes and detritus containing
mature microbial biomass (284 g detritus was takem the upper layer of the
contaminated parent wetland 3 located indoors)aather wetland was left empty.
The small wetlands were constructed in the sameasaye large wetlands with the
exception of the absence of the ventilation pige chapter 3 for main experimental
set up). The purpose of this auxiliary experimemrisvio assess the main removal
pathways of benzene (combined biodegradation aadrptionversusvolatilization)

in constructed treatment wetland. Samples werentaker 1, 2, 3, 6 and 9 d (figure
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5-2), and benzene was subsequently determined ubegdspace and gas

chromatography (as described in chapter 3).
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Figure 5-2. Comparison of benzene removal for weavith and without biomass

Figure 5-2 above shows a comparison of benzenevanior wetlands with
and without biomass. The impacts of volatilizatibmgdegradation and adsorption on
the benzene removal efficiency are often diffitalseparate quantitatively from each
other. Findings as presented in figure 36 abovecate that biodegradation,
volatilization and adsorption support the treatmdthis is in agreement with Knight
et al (1999) report which observed that aerobicdégradation contributes
significantly to hydrocarbon reduction in constectwetlands and Salmon et al
(1998) who even found that biodegradation was nesipte for nearly 80% percent of
hydrocarbon reduction with less than 100mg/I infilueoncentration. Water and oil
are likely to separate if the inflow is not in nati Benzene decanted into tap water
was observed to gradually separate into mobile gohasd dissolved phase.

Volatilization was the dominant mechanism for remloef benzene in mobile phase
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after one day of retention time and Biodegradaseoond most removal process for
dissolved phase. However, optimizing environmem@hditions such as locating
wetlands in areas with relatively high temperatieelances the biodegradation rate.
Further research is required in area of removalhaeism to quantify volatilization,
aerobic and anaerobic biodegradation, adsorptibspration, mineralization and

other removal mechanisms in large-scale construotatinent wetlands.

5.4. Factors affecting hydrocarbon removal

This section examines various factors that coutdcafhydrocarbon removal

in constructed wetland such as temperature, nissiemacrophytes and filter media.

5.4. 1. Role of temperature

Temperature is a major factor controlling the fatgetroleum hydrocarbons
within the aquatic environment. Studies on tempeeateffect on wetland
performance have been reported by several reseancivduding Kadlec et al. (2000)
and Scholz et al. (2007). However, these studiegsted on constructed wetlands for
wastewater treatment targeting the removal of lgickd oxygen demand, nitrogen,
and phosphorous. The current study targets the e@sanpe effect on constructed
wetlands applied for hydrocarbon removal. Statt@nalysis of benzene effluent
versus temperature indicates that wetlands 1 agggeratboth indoor and outdoor were
statistical significantly different p0.05) while wetlands 3 and 5 operated indoor and
outdoor were similar.

Figure 5-3 shows temperature corresponding to lmenzemoval efficiency
trends at the beginning of the operation (Apribtome 2005), this observed trend at

the beginning of the operation is in agreement W#dlec and Kadlec and Reddy
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(2000) which states that several biogeochemicatgsses in wetlands are affected by
temperature, thus influencing the overall treatnegficiency.

In comparison it follows that temperature does cwtespond to removal efficiency
trends after June 2005, which correspond with preifindings from Cooney (1984)
which states that the hydrocarbon-degrading miatgbopulation within an aquatic
ecosystem is not necessarily adapted optimallggaseasonal water temperature.
Though the test room was equipped with a high $§pation unit for climatic
research and was used in evaluating and optimthieagenvironmental factors in the
constructed wetland. However, the temperature anadity values for the indoor rig
fluctuated initially due to technical problems, lmainstant temperature and humidity
specifications of 1% and 60%, respectively, were reached at a laagestiuring the
experiment. In comparison, the second rig was opeérautdoors under natural

environmental conditions to assess seasonal changes
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Figure 5-3. Comparison of benzene removal with &naipire
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It also suggests that the temperature conditioriekenwetland affect both the
physical and the biological activities in the systeThe observed result is an
indication that benzene treatment in vertical-floonstructed wetlands did not always
respond to temperature changes (Figure 5-3). Dedptdeviations from initial trend
observed after June 2005, the wetlands still meurttggh performances. This also
suggests that temperature though do not alwayssmond to removal efficiency
trends but likely a significant control parameter Wwetlands treating hydrocarbons.
Furthermore, this indicate that there may be distamvironment or seasonal changes
required in conjunction with hydraulic retentioom&, dissolved oxygen, pH and
nutrient enrichment to stimulate microorganismbitmegrade hydrocarbon.

In a recent report for temperatures and energy dlda&sed on a study of water
temperatures in surface flow wetlands in hot atichate, Kadlec (2006) pointed out
three reasons for the importance of water tempeyato treatment wetlands:
temperature modifies the rates of several key biol processes; temperature is
sometimes a regulated water quality parameter; vaaigr temperature is a prime
determinant of evaporative water loss processesasA{1981) observed that
temperature influences petroleum biodegradationitbyeffect on the physico-
chemical properties of the oil, rate of hydrocarboatabolism by microorganisms
and composition of the microbial community. Atld981) also observed that at low
temperatures, the viscosity of oil increases, witkevolatility of toxic low-molecular
weight hydrocarbons reduces. Temperature also wayicaffects the solubility of
hydrocarbons (Foght et al., 1996). Various docuetnésearches indicate conflicting
opinions on the role of temperature. Kadlec anddy€8000) studied the temperature
dependence of many individual wetland processes waetand removal of

contaminants in surface flow wetland. They conctudbat microbial mediated
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reactions are affected by temperature; the tredtme=mponse was much greater to
changes at the lower end of the temperature sed%8°C) than at the optimal range
(20 to 35°C). This observation is partly not inesgnent with the observation in this
study except during the initial stage of operat{@pril to June 2005) as pointed

above. Furthermore, they observed that the prosessgulating organic matter

decomposition were affected by temperature. Inaroblimates, the overall treatment
efficiency is usually relatively low (Kadlec and @iy, 2000).

Considering these conflicting opinions on the raf temperature more
analysis on variable climatic conditions and hydrbon removal within constructed
wetlands were presented in chapter 6. Moreovethdurstudies identifying the
relationships between microbes, temperature androbgidbon removal within
constructed wetlands are required.

Better control over the indoor environmental coiotié such as maintaining a
steadier temperature and humidity of 15°C and 6@8pectively, resulted in an
improved overall performance (Figure 5-1). The alleremoval efficiencies were
slightly lower for the outdoor experimental riggebenzene, 76-81%) in comparison
to the experimental rig placed indoors (e.g. beaz88-90%). Furthermore, the mean
removal efficiencies for the water quality variableere lowest for the experimental
rig placed outdoor (benzene, 76%; COD, 70%; ammbitiagen, 83%; nitrate-
nitrogen, 88%; ortho-phosphate-phosphorus, 58%¥ iSHikely due to relatively low
and relatively variable (standard deviation: °@)f temperatures in Scotland-
Edinburgh (annual mean of approximately °C8 (Met Office
(http://www.metoffice.gov.uk/education/secondargtieers/ukclimate.html#3.2))

(Figure 5-4).

153



Chapter 5

N
a1
]

- Outside rig
—— Inside rig
—4— Edinburgh

= N
a1 o
] ]

Temperature (degree celcius)
(I
o

5_

O T 1T 1T 1T 1T ""71T "1 "“"T "1 "T “"T "1 71
D D WWLW O © © © © © N~ N~ N~ I~
QPRI QIO Q QO
= Cc OB O 0O = c OfR O 0 = c O %H
Q—::SGJQQ-::SGJGJQ-::S
< s g AL <s g AL <s g

Time (month)

Figure 5-4. Comparison of mean temperature didiobufor the inside and outside
rigs, and Edinburgh

In comparison, the best overall mean treatmentopmdnces were obtained
for the experimental rig placed indoors (benzen@%9 COD, 80%; ammonia-
nitrogen, 90%; nitrate-nitrogen, 94%; ortho-phogphahosphorus, 66%). The
relatively high treatment performance observed amglois influenced by stable
(standard deviation: 328) and usually relatively high temperatures, pattidy after
the temperature was fully controlled as descrildsava (Figure 5-4).

The most important constraint in UK applications tieat during winter
months, water temperatures within the wetland f#fien down to 3 or 4°C or less,
and these low temperatures limit rates of treatmespecially rates at which
hydrocarbon can be biodegraded. The design (veftim®) used in this study was
able to provide treatment that coped adequately ggtasonal fluctuations in ambient
temperature. Nevertheless, significant rates ofrdgatbon treatment have been

achieved and observed during colder winter monthsnaperatures down below 10°C
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as indicated in figure 5-3 and 5-4. However, tinelihgs of this study provide clue
for main concern and the challenge of providingeaigh that is able to consistently
meet specified effluent discharge limits, espegialvhen treating stronger

contaminants (hydrocarbon) during winter monthBdld scale.

5.4. 2. Role of macrophytes and filter media

Macrophytes are widely used within treatment wetta(Cooper et al., 1996;
Sun et al., 2005; Scholz, 2006). However, the mflenacrophytes in treatment
wetlands has been controversial. Some researchese rdocumented that
macrophytes can improve pollutant removal (Cooperale 1996; Brix, 1997;
Vymazal, 1999; Kadlec et al., 2000; Neralla et 2000; Kadlec, 2002; Karathanasis
et al., 2003). Alternatively, others did not detaaty significant difference between
planted and unplanted systems (Baldizon et al.22@2holz et al., 2002). This
subsection documents the result of the findingsceoning the role of macrophytes
specifically treating hydrocarbon in constructedlareds.

The trend of the graph showing treatment efficieadior wetlands planted
with Phragmites australig(Cav.) Trin. ex Steud. (Filter 1) were similar tbet

efficiency of the corresponding unplanted wetla(féier 3) (Figure 5-5).
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Figure 5-5. Mean benzene treatment efficiencies {ét)the indoor wetlands 1
(planted) and 3 (unplanted)

Furthermore, wetlands (1) planted witragmites australigCav.) Trin. ex
Steud. were also statistically analysed againstamted wetlands and the Benzene
results indicates that they were statistical sigaiftly different (g 0.05) to wetlands

(3) that is not planted (Table 5-5).

Tables-5. Comparison of effluent Benzene for planted anplanted constructed

wetlands.
P values
Wetland Planted vs unplanted
llnand 31In 0.000
1 Out and 3 Out 0.000

The presence of wetland plants also resulted i@%-additional benzene removal for
the outdoor planted wetland 1 when compared wighuhplanted wetland 3 (Fig. 5-
1). These analyses show an indication that deiptebserved similarity in the graph
trend lines (Figure 5-5) or the contradiction ire thcientific findings, plants play
indirect role in treatment of contaminants (esdiciaydrocarbon) in constructed
wetland by preventing clogging and providing oxyderthe rhizosphere thus creating

an aerobic environment (Brix, 1997). For examphe, growth of roots within filter
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media helps to decompose organic matter and prewdogging by creating channels
for the water to pass through. The plants in turavides habitat and supports
microbial communities that can either directly mgdade or catalyze chemical
reactions and maintain the hydrocarbon biotransétion process. Considering that
bacteria capable of degrading volatile organichasbenzene, toluene, ethylbenzene
and o-, m- and p-xylene (BTEX) have been foundh@ thizosphere. Baris et al.
(2001) also noted that wetland plant selectionmpadrtant but not as significant as
having a good microbial community.

Nevertheless, the relative contribution of planggen transport to wastewater
treatment remains controversial as well. Some wdtlesigners assume strongly that
plant oxygen transport is significant (DeBusk areBDsk, 2001). Same group argues
that some wetland plants release sufficient oxymea the root zone to support
aerobic microbial activity (Bodelier et al., 199%&mstrong et al., 1990), and this may
sometimes represent as much as 90% of the totgleoxgntering a wetland substrate
(Reddy et al., 1989), while others dismiss it agligible (US EPA, 2000). Sorrell and
Armstrong (1994) observed that quantification ofygen flux from entire root
systems has been complicated by species and seaddferences, spatial
heterogeneity and measurement accuracies for V@siairiuding the oxygen demand
of the root zone solution and the root to solutamiume. Steinberg and Coonrod,
(1994) states that the plants’ capacity to supplygen to the root zone varies among
species due to differences in vascular tissuesabmoésm, and root distribution. The
potential for plants to release oxygen into thet roane may increase during cold
periods, because root and rhizome respiration coasuelatively large proportions
of oxygen, which diffuses through plant shoots, #moxygen demand for root and

rhizome respiration declines with temperature @medly and King, 1996). However,
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despite the controversy on contribution of planygen, the finding in this study
suggests that hydrocarbon treatment in verticalkfloonstructed wetlands is a
function of metabolism by the indigenous microflondnich depends directly or
indirectly on favourable condition (availability bfjht, oxygen, temperature, nitrogen
and phosphorus) (chapter 4 Figure 30, Figure 3DbleTa6c,). This finding is in
agreement with findings published elsewhere (At&81) and more on role of these
conditions is documented in chapter 6.

Furthermore, the graph trend of planted wetlangwekented in figure 5-6
show similar performances in wetlands operated botoor and outdoor. The
analysis of variance of the all contaminated weltafil, 3 and 5) operated indoor

against the corresponding outdoor wetlands show tiat they were statistically

significantly similar (g0.05).
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Figure 5-6. Comparison of benzene removal for gldmdoor and outdoor wetlands

1

Concerning role of filter media, the analysis ohBene effluent indicates that

wetlands (3) unplanted with filter media were statally similar (20.05) to
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wetlands (5) unplanted with no filter media opedab®th indoor and outdoor (Table
16d). However, analysis of wetlands that is plantgith filter media (1) show that

they were statistical significantly different{j0.05) to wetlands (5) unplanted with no
filter media operated both indoor and outdoor (€a®6). This is an indication that
plant with filter media plays indirect role in hydrarbon treatment by providing

surface for attachment of hydrocarbon-degradingobies.

Table 5-6. Comparison of effluent Benzene concéntia for constructed wetlands
plant/unplanted with media and without media.

Wetland - - P values . -
Filter media (unplanted) vs No filter media

3Inand5In 0.177
3 Out and 5 Out 0.456

P values
Wetland Filter media (planted) vs No filter media
linand5In 0.000
1 Out and 5 Out 0.000

5.4.3. Role of nutrients

Hydrocarbon degradation was a function of nutriamailability. Nutrients
(particularly nitrogen and phosphorus) are essefttiadhe successful biodegradation
of hydrocarbon pollutants (Cooney, 1984). Naturmatienuation recognizes that
petroleum hydrocarbons are readily biodegradablergvmutrients and electron
acceptors are present in sufficient concentrations.

The use of slow-release fertilizers may provideoatiouous supply of nutrients,
maintaining a sufficient microbial activity that alds to the reduction of
bioremediation costs (Riser-Roberts, 1992; Xu et 2003). This study used slow-
release fertilizers to provide a continuous suppliynutrients as well. The initial
nutrient dosage (8 g of N-P-K Miracle-Gro fertilizded to encouraging findings

(Figure 5-7).
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Figure 5-7. Impact of nutrients on benzene remomalertical-flow constructed
wetland filter 1 operated indoors (April 2005 tot@wer 2007): (a) nitrate-nitrogen

versus benzene; (b) ortho-phosphate-phosphorususvdienzene; and ammonia-

nitrogen versus benzene (c).

During the mid stage of the operation, the nutsem¢re increased (30 g) in an
attempt to determine whether excess fertilizatibnhe constructed wetlands would
increase the hydrocarbon treatment efficiency. Hawnethe result (Figure 5-7a, b and
c) shows that excess fertilization did not seenmt¢oease the removal of benzene. An
excess nutrient virtually seems to be the primagtdr hampering the rate of
hydrocarbon biodegradation (Figure 5-7a, b andr'bjs result is in agreement with
the published findings which documented that exceggent supply would hamper
the rate of hydrocarbon removal (Hutchins et &911, Pritchard et al., 1992; Venosa
and Zhu, 2003). The concentration was thereforested to 15 g, and the results

showed subsequently enhanced microbial growth anifaved treatment efficiency

(Figure 5-7a, b and c).
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Of the anaerobic electron-accepting conditions l{eg@iple in this study),
denitrifying conditions (i.e., where nitrate is tlpeimary electron acceptor) were
clearly the most supportive of anaerobic BTEX ddgten and is in agreement with
findings from Burland and Edwards (1999). Fertilimsed in this study was observed
to have a variable effect on benzene degradatmrsome cases, for instance high
dosage (30g) fertilizer retarded benzene degradabat it occasionally enhanced
benzene degradation (lower dosage e.g. 8g) depgndithe fertilizer dosage used in
the constructed wetland (Figure 5-7a, b and c).

The variable effect of fertilizer on benzene degtamh as observed in this
study proved to be complex but could be attribuited function of electron-accepting
conditions and the microbial community present he twetlands. This effect was
regarded as insignificant on hydrocarbon degradataiivity in short term laboratory
experiments, but could potentially hinder the aabier hydrocarbon degradation in
field scale application of the constructed wetlanfisere is a need for improved
nutrients dosage to the wetland as inappropriatagk conditions could favour
extensive hydrocarbon accumulation in the constdietetland. In addition, excess
nutrient dosage could cause a decrease in pH (tmogering biodegradation
processes). Enhancement of benzene degradatiarthigér when electron acceptors
(such as nitrate from the fertilizer) are suppliedexcess may be attributable to the
fortuitous growth of benzene-degrading bacteriainduibenzene degradation. The
results from this study suggest that the relatignblbetween microbial community and
hydrocarbon degradation activity in constructed lavet can be complex and
environment dependant. See chapter 6 for furtheumentation on relationship of

nutrient in hydrocarbon treatment.
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Further comparison of Benzene with Nutrient (N#rattrogen, Ortho-

phosphate-phosphorus and Ammonia-nitrogen) by perfg the ANOVA show

contaminated wetlands (1, 3 indoor and 1, 5 oufdtmibe statistically significant,

while wetlands 5 indoor and 3 outdoor were simdtatistically for Nitrate-nitrogen.

Analyses of Benzene with Ortho-phosphate-phosprsitas/ similar trend as Nitrate-

nitrogen (wetlands 1, 3 indoor and 1, 5 outdoorensatistically significant, while

wetlands 5 indoor and 3 outdoor were similar diatly) (Table 5-7).

Table 5-7. Comparison of effluent Benzene versusidht concentrations for

contaminated constructed wetlands.

P values
Wetland Benzene vs Wetland Benzene vs
Nitrate-Nitrogen Nitrate-Nitrogen
1ln 0.000 1 Out 0.000
31In 0.006 3 Out 0.534
5In 0.159 5 Out 0.036
P values
Wetland Benzene vs OrthoWetland Benzene vs Ortho
phosphate- phosphate-
phosphorus phosphorus
1In 0.000 1 Out 0.000
31In 0.004 3 Out 0.524
5In 0.525 5 Out 0.028
P values
Benzene vs Wetland Benzene vs
Wetland Ammonia- Ammonia-
Nitrogen Nitrogen
1In 0.000 1 Out 0.000
31In 0.040 3 Out 0.949
5In 0.491 5 Out 0.088

However, analyses of Benzene with Ammonia-nitroghow wetlands 1, 3 indoor

and 1 outdoor were statistically significant, whiletlands 5 indoor and 3, 5 outdoor
were similar statistically (Table 5-6).

The above analysis suggests that nutrient (espediatrate-nitrogen and
Ortho-phosphate-phosphorus) contribute to stimukgtérocarbon-adapted bacteria

which biodegrade benzene in the wetland. Despéectintroversy about the role of
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nutrient in hydrocarbon treatment, this study shaat an adequate level of
fertilization increases biodegradation rates, wagrexcessive fertilization has a
negative effect.

This finding is in good agreement with previousodagradation research
(Char'neau et al., 2005, Hu et al., 2007) showlrag mhitrate-nitrogen was a favorable
electron acceptor for benzene reduction and exeeésitilization has adverse effect.
Furthermore, positive influences of nutrients oa thodegradation of saturated and
aromatic hydrocarbons extents were also observedabpus researchers (Bossert
and Bartha 1984, Chai"neau et al., 2000, Morgan \&@atkinson 1989, Atlas and
Bartha 1992). However, further research on inhilgiteffect of excess nutrient on

hydrocarbon degradation is recommended.

5.5. Long-term hydrocarbon performance

This section documented analysis dedicated tontgsiie sustainability of the
constructed wetlands by assessing the cumulativpadin and the long-term
performance in treating petroleum hydrocarbons sash benzene, which are
associated with considerable human health and @miental concerns. This was
approached by evaluating the monthly as well as-g@and operations of the high
strength benzene contamination in constructed wdtla and ascertaining the
corresponding performance optimization that cowddapplied to full-scale treatment.
The findings indicate very high overall mean renmaféiciencies for benzene (89 to
90%), (73 to 81%) for wetlands operated indoors amddoors respectively as
previously reported (Figure 5-1). However, montplgrformances as presented in
figure 5-8 show that the treatment performancesiaed during July of the second

year (2006) with increasing hydrocarbon accumutatwithin the corresponding
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wetlands. This finding is in contrast with data gaeted previously (Cooper et al.

1996, Scholz 2006).
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Figure 5-8. Comparison of monthly benzene remolfediencies for the indoor and

outdoor wetlands

Furthermore, yearly performance shows that Benzemes consistently

removed with a mean efficiency between 93.41 an839, and between 90.61 and

97.01 % (Table 5-8) for the indoor and outdoor amdls, respectively. After the first

year of operation, however, a slight deterioratidrbenzene removal was noted for

both the indoor and outdoor wetlands. During theosd year of operation (between

spring and winter 2006), reductions in terms of aeat efficiencies between 2 and

6% and between 11 and 14% (Table 5-8) were notedh® indoor and outdoor

wetlands, respectively indicating cumulative impact
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Table 5-8. Year-round benzene removal efficiency ¢¢different constructed wetlands

Running period

Wetland Spr-05 ~ Win-05 __ Spr-06 ~ win-06 ___ Spr-07 ~ Aut-07
1 Indoor 99.63+0.74 92.15+7.04 76.78+9.44°

3 Indoor 94.56+3.91 " 91.32+9.98 84.99+9.50

5 Indoor 93.41+7.9%° 93.22+8.43 81.92+16.06"

1 Outdoor 96.13+4.0%° 76.58+19.59 62.48+9.46

3 Outdoor 97.03+2.62" 82.15+20.83 51.82+10.47

5 Outdoor 90.61+5.57 86.62+13.15 68.94+15.64°

In any one column, values marked with differentelet are significantly different

from each other at0.05 according to the Duncan’s multiple rangestest

Benzene removal performances continuously worsém tive extension of the
experimental period. Table 5-8 showed that the ®&e@zremoval efficiency was
between 77 and 85%, and between 51.8 and 68.9%héorndoor and outdoor
wetlands between spring 2007 and autumn 2007. Aftesecond year of operation,
approximately between 9 and 15%, and between 188&#@ of the reductions were
detected for the indoor and outdoor wetlands. Coathéo the indoor wetlands, the
decrease of the benzene removal efficiencies fa& ¢utdoor wetlands was
significantly (p<0.05) faster during the whole rumpn period. Benzene showed
periodically high removal efficiencies between sgr2005 and autumn 2006. After
this period, a decrease of the benzene removalezitiy was observed, especially for
outdoor wetland 3 as benzene accumulation was nd®eger documented in
appendix A observed that the hydrocarbon treatrpenfiormances reduced during
winter. Furthermore, Mann and Bavor (1993) reportkdt phosphorus removal
efficiency for gravel-based systems declined aiftdy one to two years of operation.
However, the results suggest that Benzene remoffalieacy decreased with

increasing hydrocarbon accumulation during summdraatumn 2007.

166



Chapter 5

The result of yearly mean benzene treatment effaies for wetlands
(wetlands 1, 3 and 5) operated indoor show be#erorval efficiency for year 1 in
filter 1 (planted with filter media) followed by se 2 and 2 respectively. Filter 3
(filter media but unplanted) show similar perforroas in all years while filter 5
(unplanted and no filter media) indicates lowerf@@nance in year 1 but similar
performances in years 2 ant(Bigure 5-9).

DYrl #Yr2 vYr2+
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Figure 5-9. Yearly mean benzene treatment efficean(®o) from 2005-2007

The yearly ANOVA analyses of Benzene effluent ialcthat the first year
operations were statistical significantly differefi< 0.05) from second year for
wetland filter 1 operated indoor, wetlands 1 @naberated outdoor. In comparison,
filter 5 operated outdoor, wetlands 3 and 5 opdratdoor were statistically similar
(p=0.05) (Table 5-9).

Table 5-9. Comparison of effluent Benzene concénotra for constructed wetlands
operated in year 1 and year 2.

Wetland P values
Year 1vs Year 2 Wetland Year 1 vs Year 2
1lin 0.004 1 Out 0.001
31In 0.077 2 Out 0.003
51n 0.238 5 Out 0.085

Furthermore, annual variation analysis of the aoies¢d wetland system in

removal of Benzene showed that there was a trendcofasing removal efficiency
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from 2005 to 2006. The overall trend show optimatfprmance in all the systems
and could be theoretically said to attain the ‘dyestate’ this period. This may be due
to self-adjustment of the constructed wetland aseemiogical system during this
treatment period (April 2005- June 2006) (figur8)5This period of operation could
be linked with a well-established microbial popidatand vegetation, which might
improve efficiency. In contrast, the removal efficcy did change as they began to
decrease from August 2006 onwards, which couldttod@ied to cumulative impact
of hydrocarbon. Similar analyses for other watealiqy variables were presented in
chapter 6.

The reported decrease of benzene treatment efficiBom the second year
operation could be addressed to improve potentigineering application of the
results derived from this study. For example, tkse of a multi-stage or integrated
wetland system for benzene treatment, from engimggroint of view could address
the decrease in treatment efficiency observed basdte use of a single constructed

wetland.

5.5.1. Change of filter volume

The volume of the constructed wetlands was mordtateinterval as part of
assessment of the rigs’ long-term performance. ifflew water volumes were
measured three times by draining the wetlands eytduring the operation period
(Table 5-10). The filter volumes of some wetlan@xrdased during the operation
time but wetlands 5 and 6 remain constant sinceetivere blank. The accumulated
sediment including macrophytes litter, detritus taomng mature microbial biomass

and solids reduces the filter volume. However, tleerease in volume of some
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wetlands was negligible and not associated withedesl hydrocarbon treatment
efficiency decline.

Table 5-10. Change of filter volume

Date April-05 June-06 March-08
Filter Volume Volume Reduction Volume Reduction
Number () () (%) ) (%)
Indoor
1 4.1 3.5 14.6 3.1 24.4
2 4.1 3.6 12.2 2.7 34.1
3 4.2 3.6 14.3 3.0 28.6
4 4.2 3.5 16.7 3.1 26.2
5 6.3 6.3 0.0 6.3 0.0
6 6.3 6.3 0.0 6.3 0.0
Outdoor
1 4.1 3.5 14.6 2.7 34.1
2 4.1 3.5 14.6 2.1 48.8
3 4.2 3.6 14.3 3.2 23.8
4 4.2 3.6 14.3 2.2 47.6
5 6.3 6.3 0.0 6.3 0.0
6 6.3 6.3 0.0 6.3 0.0
5.6. Summary

This chapter has demonstrated the findings whiggest that intermittently
flooded vertical-flow constructed wetlands treatraatic hydrocarbon effectively in
the presence of sufficient oxygen and fertilizehick provides nitrate used as an
alternative electron acceptor during anaerobic ogeri of full inundation. The
relatively overall high treatment performance olkedrindoors is influenced by stable
and usually relatively high temperatures, partidulafter the temperature was fully
controlled.

As benzene and its degradation products startaddmmulate in the wetlands,
removal efficiencies subsequently reduced. Findsigsv also that benzene removal
was highest in wetlands with filter media (aggregatand biomass providing habitat
for hydrocarbon-degrading microbes. However, furtsudies on estimating the

microbial biomass are encouraged.
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Metabolic processes of microorganisms are likelyptay an important role in
removing hydrocarbon compounds in both controlled semi-natural wetlands. The
results show also th&hragmites australigCav.) Trin. ex Steud. does not play a
significant role (despite providing additional oxygvia its rhizomes) in removing
benzene, unless sufficient nutrients (includingjlfeer) are available.

The study suggests that adequate level of nutrreameases biodegradation
rates by contributing to stimulate hydrocarbon-aedpbacteria which biodegrade
benzene in the wetland, whereas excessive fetidizdnas a negative effect. Further
research on inhibitory effect of excess nutrient loydrocarbon degradation is
recommended.

Findings indicate also that both biodegradation waoldhtilization are major
removal mechanisms that support the treatment. tNinédion is the dominant
mechanism for benzene removal after one day ohtiete time. These processes
suggest that many common wetland interactions fgbdo entail cumulative
impact. However, optimizing environmental condigosuch as locating wetlands in
areas with relatively high temperatures enhancesbibdegradation rate. Further
research is required on the specification of bioaegtion products and quantification
of the proportion of hydrocarbons being lost thiowglatilization to the atmosphere
under varying environmental conditions and the #pation of aerobic and
anaerobic biodegradation products, adsorption, rabea, mineralization and other
removal mechanisms in large-scale constructedmesatwetlands.

The results also suggest that benzene treatmenhaticalways respond to
temperature change and nutrient enrichment unlss&ic environment or seasonal
changes required in conjunction with hydraulic méten time, dissolved oxygen, pH

and nutrient enrichment to stimulate microorganisoisiodegrade hydrocarbon.
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Though the information already provided by thisesesh has already shed
light on long-term impacts. The changes in wetlanacesses that take place on the
scale of years, decades, and longer are not addyguatderstood. Field studies of
hydrocarbon removal over very long periods are edeth examine the long-term
effects of wetland impacts. Furthermore, the caudgmtential treatment efficiency
decline and the effects of cumulative impact of rogdrbon removal during long-

term experimental and field-scale operations néetie assessed.
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Seasonal variability and monthly performances
of hydrocarbon and water quality variables*

6.1.0verview

One of the largest uncertainties in constructedttnent wetlands management
observed during this research remains seasonal iatetannual variations.
Characterizing wetlands and their process dynaisiextremely difficult because of
constant changes that are directly linked with emments. The basic concern is
complexity of both the process dynamics within wetlands and their corresponding
interactions with the surrounding environments.tiBalarly in a cumulative impact
context, it is necessary to understand the intenacif water quality processes that
occur in a wetland ecosystem. This chapter preddheeresults of the detailed wetland
studies dedicated to seasonal interactions intampt to identify conditions that have
relevance for the sustainable functioning of carded wetlands. This study explored
integrated approach by analyzing monthly qualitycohtaminants treated as well as
seasonal variability impact in the constructed amds applied for hydrocarbon

treatment. The chapter documented the results w@stigation into the relationship

* An earlier version of this chapter was submittddublication as:

Xiangiang Tang, Paul Emeka Eke, Miklas Scholz amitlehg Huang (2008), Sustainable management of the
seasonal variability in benzene removal by planetical-flow constructed wetlands to prevent piadin. Journal
of Environmental Manageme(gubmitted) (original copy documented in appem)ix
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between various variables and hydrocarbon remomnakanstructed wetlands by
assessing the roles played by seasonal changeschdpter also supports the results
that have been documented earlier in chapters 4aitle sustainable management of
the seasonal variability in benzene removal by teldnvertical-flow constructed
wetlands to prevent pollution is therefore the aiinthis chapter. In light of the above
considerations, a two and half year’s investigatieas conducted with the following
objectives:
= To assess the monthly, annual and seasonal végabibenzene removal by
vertical-flow constructed wetlands located indoamnsl outdoors;
= To qualitatively study the seasonal variability ather effluent variables
including ammonia-nitrogen, nitrate-nitrogen, orbtwosphorus-phosphate,
temperature, pH, DO and redox;
= To perform a regression analysis to quantitativelgsess the above
relationships; and
= To determine the relationships between seasonatebenremoval and the
above mentioned effluent variables.

The results of seasonal variability in benzene raahdy vertical-flow
constructed wetlands and the interactions with ro#fuent variables including
ammonia-nitrogen, nitrate-nitrogen, ortho-phospkgrbosphate, temperature, pH,
dissolved oxygen and redox potential were preseiedietailed. The chapter
presented the chapter overview in this section)(6&ction 6.2 documented unit
treatment performances such as indoor and outdoathly treatment performances,
while 6.2.1 compares indoor and outdoor monthlattreent performances. Section
6.3 presents seasonal treatment performances, @otedh indoor and outdoor

seasonal treatment performances and 6.3.1 presamfzarison of indoor and outdoor
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seasonal treatment performances. 6.4 documentexbredavariability in benzene

removal and seasonal impacting factors. 6.5 sunzexhthe chapter.

6.2. Monthly treatment performance

Average monthly performance data of over thirty therof wetland operation
were analysed in this section. The study monitate@hges over time to ensure that
optimum treatment performance is maintained. Tkalte show treatment timescales
evaluated in an attempt understand major watertguales and relationship in the

system. Figure 6-1 presented mean monthly CODexftlfor wetlands operated both
indoor (6-1a) and outdoor (6-1b).

Figure 6-1a
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Figure 6-1b
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Figure 6-1. Mean monthly COD (a) indoor and (b)dmatr effluents

Figure 6-1 trend showed high COD removal from ARADS5 to January 2007
for rigs operated both indoor and outdoor. Thiadrenay be due to a well-established
microbial population, vegetation and favourablerapeg condition that improved the
removal efficiency. However, this trend changedttes COD removal efficiency
began to decrease from February 2007 onwards ih bgs with slightly better

performance in the indoor rig. The observed chamgeld be attributed to

accumulation of contaminants in the systems.

Figure 6-2 reported average monthly BOE€ffluents for wetlands operated
both indoor (figure 6-2a) and outdoor (figure 6-2bhe trend in figure 6-2 showed
that there BOD removal efficiency was unsteady ughmut the period for both

indoor and outdoor operated rigs.
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Figure 6-2. Mean monthly BOXa) indoor and (b) outdoor effluents

Monthly trends of DO as presented in figure 6-3veba direct relationship
with the nutrient. DO increase as nutrient dosages wcreased to 30 grams and
reduced as the dosage was decreased to 15 gramsisTdn indication that when
there were excessive nutrient in the wetland® IO was involved.

The trend also shows DO effluent concentrationsedese as the indoor temperature

increases (Figure 6-4). The effluent DO concerdretiwere slightly higher in outdoor
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wetlands than in indoor wetlands. DO effluent corictions for both rigs began to

decline after august 2007.

Figure 6-3a
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Monthly trends of all water quality variables pretesl in figure 6-5 except pH
(figure 6-5a) showed similar trends. ConductiviBedox and Turbidity effluent
concentrations show unsteady removal trends wititebéndoor performance for
Turbidity (Figure 6-5b-d). Conductivity effluent moentrations were better in the rig
operated outdoors during first four months but amds operated indoors began to
perform better after this period. Redox showedebetutdoor performance throughout
the period of operation. However, pH shows simimrformances in wetlands
operated both indoor and outdoor. Monthly pH reméiigh between 6 and 7.3 mgL
throughout the operation period (Figure 6-5a).

Figure 6-5a
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Figure 6-5d
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Figure 6-5. Mean monthly (a) pH, (b) Conductivifg) Redox and (d) Turbidity

effluents

Comparison of monthly temperature with pH effluesdancentrations as
showed in figure 6-6a indicate stable pH trend. Tmeperature relationship with pH
is directly proportional. pH reduced slightly whesmperature was reduced and kept
constant at 1%. Despite this trend, influence of temperaturenseeery weak
because there were no significant variations ofpHeeffluent concentrations in the
wetlands.

However, figure 6-6b show DO effluent concentrasiovere low and unstable
at higher temperature but became DO effluents bedaigh when temperature was

reduced to 1% and kept constant.
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6.2.1. Comparison of monthly indoor and outdoor tratment performance
Figure 6-7 presents high removal of COD with nagigant difference in the

effluent concentration trends until February 200%wtreatment efficiency decreased

sharply in both rigs (Figure 6-7a). However, Fig@&b showed BOPeffluent

concentrations to be unsteady with wetlands opeiliatoor performing better.

Figure 6-7a
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Figure 6-7. Comparison of monthly indoor and outdveatment performances for

(a) COD and (b) BOD
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Figures 6-8 showed similar removal efficiency foe entire nutrient effluents
((a) orth-phosphate-phosphorus, (b) Nitrate-Nigmogand (c) Ammonia-Nitrogen).
The trend show high performance from April 2005Jtdy 2006 when the nutrient
dosage was 8 grams but after a step increase &3@syin nutrient loading, treatment
efficiency decreased sharply but returned as mitri@s reduced to 15 grams.

These trends were similar for both rigs operateldan and outdoor.

Figure 6-8a
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Figure 6-8c
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Figure 6-8. Comparison of monthly indoor and outdveatment performances for

(a) orth-phosphate-phosphorus, (b) Nitrate-Nitroged (c) Ammonia-Nitrogen

Comparison of monthly indoor and outdoor treatmeatformances for (a)
DO, (b) pH, (c) Conductivity, (d) Redox and (e) bidgiity effluent concentrations in
figure 6-9 showed similar unstable slightly betigoor removal trends except pH.
However, pH shows similar performances in wetlangerated both indoor and
outdoor. pH monthly effluent concentrations remhigh between 6 and 7.3 mgL

throughout the operation period (Figure 6-9).
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Figure 6-9d
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Figure 6-9. Comparison of monthly indoor and outdveatment performances for

(a) DO, (b) pH, (c) Conductivity, (d) Redox and Teirbidity

6.3. Seasonal treatment performance

The impact of seasonal variations was negligibleh@ wetlands operated
indoors and containing hydrocarbon. Similar treedusred in most of the variables
due to environmental control that kept temperaameé humidity constant. However,

overall seasonal treatment efficiencies and eflwemcentrations for the wetland rig
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Seasonal variations have been reported by sevesmdtigators, with the worst
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Figure 6-10. Comparison of seasonal benzene renpevidrmance for the indoor and
performance occurring during the winter (Kuehn &t 4995; Leonard, 2000;

outdoor rigs.
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Karathanasis et al., 2003).In contrast, the reshitsv less negligible seasonal impact
on the treatment performances (Tables 6-1). Thezdyen treatment efficiencies
(Table 6-1) and other water quality effluent coricaions reduced considerably
during the winter of the second year (2006/7) imsowetlands operated outdoors
which is likely to be due to increasing hydrocarbaocumulation within the
corresponding wetlands (Tables 6-1, 6-2 and figGr&s).

Table 6- 2. presented the seasonal mean effluetdér wariables (DO, pH,
conductivity, Redox, Turbidity, BO§) COD, PQ, NOs-N and NH-N) for the entire

study period (2005-2007).
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Table 6-2. Mean seasonal water quality variatiengHe indoor and outdoor

wetlands (08/04/05-18/10/07)

Dissolved oxygen (mgt)

Indoor wetlands Outdoor wetlands
Season
1 2 3 4 5 6 1 2 3 4 5 6
Spring 05 1.7 2.1 1.3 25 3.5 4.5 3.1 2.7 3.0 3.4 4.4 4.5
Summer 05 1.2 1.5 1.1 1.5 2.1 2.1 2.3 2.2 2.2 2.8 3.7 3.2
Autumn 05 0.2 0.4 0.0 05 2.2 2.3 0.9 1.0 1.4 1.2 3.2 3.4
Winter 05/06 0.0 0.7 0.1 1.5 2.9 3.3 3.5 25 3.7 3.2 24 3.8
Spring 06 3.4 2.6 28 3.0 2.8 2.6 3.8 3.4 3.6 3.8 4.8 5.2
Summer 06 5.2 4.6 42 51 5.8 6.2 5.8 6.1 5.0 4.4 6.0 5.0
Autumn 06 4.4 4.3 39 44 4.6 8.7 6.4 7.5 8.0 8.5 9.6 9.0
Winter 06/07 3.2 3.0 38 4.2 2.0 4.8 5.2 5.4 4.8 6.0 8.2 7.8
Spring 07 3.3 3.7 27 4.2 2.6 5.3 3.4 4.4 3.8 5.2 7.4 8.0
Summer 07 3.3 3.2 27 3.4 2.8 4.0 4.9 7.5 5.8 55 4.5 5.7
Autumn 07 1.4 1.8 1.9 3.0 0.9 4.4 2.8 5.4 3.6 6.1 9.4 114
pH ()
Indoor wetlands Outdoor wetlands
Season
1 2 3 4 5 6 1 2 3 4 5 6

Spring 05 705 6.78 7.10 7.00 718 724 720 697 712 7.32 7.42 7.80
Summer 05 710 6.37 6.76 6.51 702 695 705 647 7.20 6.67 7.38 7.26
Autumn 05 6.78 6.42 6.69 6.80 742 728 710 7.00 7.22 6.84 7.20 7.19
Winter 05/06 7.10 6.00 7.20 5.81 690 649 690 689 732 7.01 6.90 7.32
Spring 06 720 6.60 6.24 6.82 6.22 6.24 730 692 6.86 6.10 6.00 6.18
Summer 06 6.76 6.42 6.19 6.24 6.09 6.20 7.21 6.40 6.72 6.50 6.18 6.10
Autumn 06 6.46 532 6.08 4.22 6.21 639 7.00 407 6.45 553 6.47 6.50
Winter 06/07 6.34 562 6.24 464 6.04 576 640 564 6.04 5.02 6.42 5.96
Spring 07 5,98 538 5.44 4.08 5,70 578 6.10 448 6.06 5.01 6.16 6.24
Summer 07 6.33 544 6.05 5.17 5890 555 630 492 6.39 5.66 6.66 8.20
Autumn 07 5,92 531 580 4.62 6.08 6.00 633 537 646 5.62 730 8.21
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Conductivity (uS)

Indoor wetlands

Outdoor wetlands

Season

1 2 3 4 5 6 1 2 3 4 5 6
Spring 05 642 814 309 357 238 148 780 682 437 286 112 148
Summer 05 226 106 384 438 507 1161 582 775 418 500 166 382
Autumn 05 68 47 105 58 40 55 232 350 316 131 306 158
Winter 05/06 276 517 404 762 726 989 902 777 323 626 140 243
Spring 06 420 480 420 382 684 418 427 482 620 410 725 362
Summer 06 520 424 680 380 682 620 820 624 430 520 446 420
Autumn 06 906 999 1408 1498 1478 773 1849 1936 751 1010 625 536
Winter 06/07 492 802 864 968 420 364 624 830 806 542 420 534
Spring 07 347 482 263 429 161 217 654 906 344 452 261 261
Summer 07 449 423 279 249 168 198 647 371 364 468 235 163
Autumn 07 440 362 338 433 244 236 440 408 256 404 148 89

Redox (mV)
Indoor wetlands Outdoor wetlands

Season

1 2 3 4 5 6 1 2 3 4 5 6
Spring 05 180 161 164 197 219 206 198 226 194 238 219 231
Summer 05 150 109 57 185 186 178 88 121 84 120 103 126
Autumn 05 218 238 226 242 234 254 218 228 218 230 228 218
Winter 05/06 219 231 211 253 244 247 222 206 201 242 201 231
Spring 06 150 170 172 165 178 170 162 170 158 160 184 158
Summer 06 160 184 117 142 130 119 118 145 170 160 152 148
Autumn 06 195 181 186 210 159 157 174 240 179 200 180 179
Winter 06/07 132 168 129 158 132 108 142 168 130 152 124 112
Spring 07 93 99 89 92 96 144 134 150 144 131 96 98
Summer 07 171 147 30 168 161 198 137 206 179 175 155 119
Autumn 07 175 195 188 271 153 220 225 254 177 182 239 217

Turbidity (NTU)
Indoor wetlands Outdoor wetlands

Season

1 2 3 4 5 6 1 2 3 4 5 6
Spring 05 9.06 3.42 540 2.80 140 058 532 264 232 3.02 0.69 1.06
Summer 05 0.60 3.23 3.80 2.64 039 028 281 265 161 0.39 0.10 0.40
Autumn 05 1.24 120 480 1.21 023 210 464 586 410 7.20 1.06 1.79
Winter 05/06 1.78 142 422 1.44 041 100 710 3.00 314 750 0.50 0.40
Spring 06 3.00 228 388 1.32 165 118 349 223 275 142 1.82 1.78
Summer 06 202 200 192 1.60 402 131 108 120 132 1.40 240 1.04
Autumn 06 206 147 423 0.34 1.15 049 099 052 075 0.3 0.54 0.88
Winter 06/07 3.04 200 5.06 0.72 364 081 350 210 192 164 0.82 0.94
Spring 07 1.19 113 5.36 0.16 393 021 318 281 144 0.34 0.37 0.36
Summer 07 075 162 7.70 3.73 535 030 137 195 282 0.78 0.59 0.39
Autumn 07 024 024 217 0.13 162 011 182 0.28 033 0.25 0.17 1.38
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BOD (mgL?)
Indoor wetlands Outdoor wetlands
Season
1 2 3 4 5 6 1 2 3 4 5 6
Spring 05 28 6 21 5 8 8 25 8 11 8 10 5
Summer 05 20 8 24 9 16 10 37 12 11 11 17 8
Autumn 05 10 13 18 5 8 4 46 15 40 10 16 7
Winter 05/06 17 17 26 6 13 5 35 17 59 9 35 10
Spring 06 34 19 29 4 35 4 36 7 37 7 41 8
Summer 06 23 4 29 4 38 3 28 5 25 3 34 5
Autumn 06 38 2 45 3 46 2 58 2 52 2 42 4
Winter 06/07 54 1 61 1 80 3 72 0 74 1 57 1
Spring 07 37 2 34 1 44 1 41 1 37 3 32 1
Summer 07 44 3 36 2 22 2 35 3 34 3 41 3
Autumn 07 53 1 42 2 61 1 75 14 63 1 49 1
COD (mgL?)
Indoor wetlands Outdoor wetlands
Season
1 2 3 4 5 6 1 2 3 4 5 6
Spring 05 97 48 18 39 16 22 31 73 11 33 56 30
Summer 05 60 28 57 22 77 24 88 37 39 32 43 22
Autumn 05 30 41 86 33 49 28 45 65 86 37 104 28
Winter 05/06 43 51 66 57 28 52 45 57 89 70 35 67
Spring 06 45 39 38 35 49 39 49 46 57 44 45 62
Summer 06 31 2 38 0 98 1 22 3 34 3 82 1
Autumn 06 98 4 120 4 105 5 131 8 111 3 78 5
Winter 06/07 602 5 412 6 582 8 1035 8 847 14 873 10
Spring 07 706 8 497 18 689 3 1259 15 1217 8 963 8
Summer 07 692 17 376 16 678 11 1102 15 1154 12 979 15
Autumn 07 628 9 375 3 737 5 881 24 1060 14 1000 8
PO, (mgL™)
Indoor wetlands Outdoor wetlands
Season
1 2 3 4 5 6 1 2 3 4 5 6
Spring 05 7.9 11.9 4.1 3.5 12.1 2.9 8.0 11.9 3.7 3.8 111 2.9
Summer 05 6.7 11.0 6.6 6.7 7.8 7.8 10.2 10.9 5.9 6.4 5.1 5.9
Autumn 05 8.4 8.0 7.5 6.3 7.6 8.3 8.6 9.4 6.9 6.1 7.3 6.5
Winter 05/06 8.5 7.9 9.8 7.6 9.1 8.1 9.0 8.3 9.7 7.3 6.4 6.4
Spring 06 9.3 8.1 6.3 7.5 8.1 7.6 9.9 8.6 6.8 7.8 8.3 7.5
Summer 06 17.0 15.7 146 14.4 14.9 15.0 18.2 16.1 150 14.9 149 1409
Autumn 06 36.1 67.8 71.1 68.9 684 77.1 60.6 1185 56.6 51.7 37.6 664
Winter 06/07 6.3 8.1 10.9 10.3 4.7 6.3 9.3 9.4 8.5 9.4 7.3 6.9
Spring 07 7.4 6.1 7.3 4.9 5.9 6.7 9.0 147 12.1 8.0 8.1 7.2
Summer 07 7.0 7.2 43 4.7 3.2 3.6 8.0 12.1 7.0 3.9 3.6 3.6
Autumn 07 9.3 11.5 7.0 9.8 7.3 9.5 7.7 11.0 8.5 6.8 4.2 4.1
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NOs-N (mgL?)

Indoor wetlands Outdoor wetlands
Season
1 2 3 4 5 6 1 2 3 4 5 6
Spring 05 0.6 1.4 0.9 1.6 1.8 0.3 0.4 1.3 1.1 1.6 1.5 0.3
Summer 05 0.5 1.5 1.3 1.8 1.6 1.6 1.5 1.9 1.4 1.8 0.9 0.9
Autumn 05 2.1 2.0 2.1 2.2 2.6 2.7 2.3 2.0 2.3 2.4 2.1 1.8
Winter 05/06 1.8 1.7 2.3 1.6 1.6 2.4 3.3 1.3 1.6 1.7 1.8 1.6
Spring 06 3.1 3.7 4.0 35 3.4 3.7 3.7 4.1 45 3.9 3.7 4.1
Summer 06 8.3 8.6 8.3 8.6 7.7 8.2 8.2 8.6 8.5 8.3 7.9 8.0
Autumn 06 18.0 43.0 34.9 512 355 464 242 535 258 36.3 209 29.0
Winter 06/07 75.7 1315 1658 189.8 454 252 133.0 160.8 84.7 1027 81.8 59.9
Spring 07 25,0 79.8 331 76.2 389 440 66.1 1164 101.7 874 86.2 73.6
Summer 07 243 1129 33.2 70.5 85 67.0 425 912 1034 88.2 240 61.9
Autumn 07 605 1586 414 1627 301 86.2 653 61.3 585 1234 45.1 47.6
NH,-N (mgL?)
Indoor wetlands Outdoor wetlands
Season
1 2 3 4 5 6 1 2 3 4 5 6

Spring 05 8.7 7.4 5.3 1.8 5.5 1.6 7.4 8.5 6.2 2.6 5.8 1.9
Summer 05 6.4 5.1 5.7 4.7 5.1 4.1 5.3 4.6 7.2 5.4 4.3 6.0
Autumn 05 5.4 4.6 4.9 35 4.7 4.5 3.9 3.6 3.6 4.2 35 3.8
Winter 05/06 5.5 7.1 5.9 6.6 45 5.1 3.8 3.9 5.3 54 5.1 55
Spring 06 6.6 5.6 4.2 3.6 4.9 3.3 6.4 6.0 4.7 3.9 4.1 4.1
Summer 06 16.8 146 137 127 129 125 176 158 142 126 13.1 12.6
Autumn 06 86.3 97.1 925 103.2 885 96.1 121.8 1235 1145 104.3 84.0 895
Winter 06/07 40.8 416 354 25,0 255 273 574 437 406 394 50.4 324
Spring 07 320 399 285 228 301 243 513 675 550 36.9 43.4 275
Summer 07 19.0 206 13.3 8.8 4.3 45 271 177 235 1538 6.5 14.0
Autumn 07 30.1 46.9 27.0 295 144 184 229 93 166 124 55 7.4

BOD: five-day @ 26C N-Allythiourea biochemical oxygen demand (mg1COD: chemical oxygen
demand (mg 1); PO: ortho-phosphate-phosphorus (m@)1NOs-N: nitrate-nitrogen (mg t); NH,-N:
ammonia-nitrogen (mg't).

It is uncertain whether the poor winter performanceere due to low
temperatures alone or the combined effect of oppgrabndition and other variables.
Considering that most of the variables did not oesbto seasonal variables especially
winter (Table 6-2) tend to support several studlest have suggested negligible

temperature dependence in wetlands (Harbel et18B5; Knight et al., 1999;
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Vymazal et al.,, 1999; Neralla et al.,, 2000). Fumh@re, this suggests that soil
microbes in winter still have the capacity to depose organic matter and that low
temperatures can enhance aerobic metabolism thrthehincrease of dissolved
oxygen saturation. Various studies have also censid the evaluation of the
treatment efficiency of constructed wetlands asirection of temperature depending
on components such as substrate composition, degfrggant growth, seasonal
changes in evapotranspiration rates, and micr@mavities (Chunming et al., 1999;

Allen et al., 2002). For example, Rosso et al. Bl989emonstrated the effects of

temperature and pH on microbial growth.

The impact of seasonal variations in the wetlangerated outdoors would
give a better interpretation of various variablehdwiour in the system and were
presented in figures 6-11. COD trend lines in fegGrlla show non impact of season
on COD removal until autumn of 2006 when the COBhaeal efficiency began to
decrease. BOD and DO show unsteady trend lines ishatightly responsive to
seasonal variations (Figure 6-11b and c). Howegsdrshows steadier trend lines that

do not respond to seasonal variations (Figure §-11d
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Figure 6-11d
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Figure 6-11. Seasonal effluent concentration otloot wetlands 1 and 3 for (a) COD,

(b) BOD, (c) DO and (d) pH.

6.3.1. Comparison of indoor and outdoor seasonaléatment performance

The result in this subsection often shows similand lines in wetlands operated
indoor and outdoor irrespective of environmentahtoal of the indoor wetlands.
However, the impact of environmental control becamere visible from summer of
2006 when control equipment was fully operatedguf@ 6-12 show the comparison of
seasonal mean benzene removal efficiency for wadlarperated indoor and outdoor.
Benzene trends in figure 6-12 show non impact aéseal changes on benzene removal
until autumn of 2006 when the benzene removalieficy began to decrease. Figure 6-
12b show similar trend but unsteady trend linehmfilter 1 operated outdoor which is an

indication of the impact of seasonal variabilitytire rig operated outdoors.
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Figure 6-12a
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Figure 6-12. Comparison of seasonal mean benzemaved efficiency in the indoor and

outdoor (a) wetlands 3 and (b) wetlands 1

pH show steady trend that do not respond to sehs@m@tions in wetlands
operated either indoor or outdoor (Figure 6-13)akhis an indication of complete non

seasonal dependency of pH in the system.
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Figure 6-13. comparison of indoor and outdoor sealspH treatment performances in
wetlands 1

Figure 6-14 show non impact of season changes orebe removal until winter
of 2006/07 in both wetlands. The trend lines alsovs similarity in planted filter 1 and
unplanted filter 3 in addition to similarity in theeasonal variability which is in

agreement with the published paper documentedperapx A.
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Figure 6-14. Comparison of seasonal mean benz#oergfconcentrations for the

wetlands 1 and 3
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6.4. Seasonal variability in benzene removal and assote impacting

factors

The importance oP. australisand aggregates concerning benzene removal in
vertical-flow constructed wetlands was discussedhapters 4, 5 and also in the papers
documented in appendix A. In this section, the autoncentrates on the assessment of
the seasonal variability in benzene removal andaa®d impacting factors. Special
emphasis was on seasonal internal interactionseptzdne with other individual water
quality variables in the constructed wetlands. €fwe, typical reed bed systems were
chosen to address this purpose. As shown in Fich, 6rom spring 2005 to winter 2005,
the seasonal variability in benzene removal was vigdally detectable; the benzene
removal efficiencies in both indoor and outdoor laetls were almost constant (97-
100%). After the first year of operation, the bemeremoval efficiency began to
decrease and a visible seasonal fluctuation indrenremoval was noted for the outdoor
wetland (Fig. 6-15). For example, the seasonal vanefficiencies were 96.6, 70.3, 87.4
and 52.2% in spring, summer, autumn and winter 2(8pectively, which indicated that

benzene removal was higher in spring and autunmithaummer and winter (Fig. 6-15).
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Figure 6-15. Seasonal variability of benzene rerhbyahe indoor and outdoor wetlands

for periods of 8, 15 and 30 g fertilizer supplydad to the influent every second week).

This chapter does not discuss the effect of tenperan benzene removal but
highlights the associated seasonal variability. t&brof temperature caused the absence
of seasonal variability in benzene removal for théoor wetland. However, a gentle
decrease was observed with the extension of thengmeriod (Fig. 6-15). Regardless of
the indoor and outdoor wetlands, there was no aisvindication of an enhancement of
the seasonal benzene removal efficiency with 153héh comparison to 8 g fertilizer
supply (Fig. 6-15). The study provides an indicatad the benzene removal at different

nutrient concentration levels.
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6.4.1 Seasonal nutrient removal and dosage variability

Effluent NH;-N and NQ-N concentrations were evaluated to obtain an atitio
of the seasonal variability in nitrogen removal faartical-flow constructed wetlands
treating benzene. Concerning NN removal (Fig. 6-16a), no clear seasonal vaiiigbil
was observed during the entire experiments. Howelereffluent NN concentrations
were influenced greatly by the amount of nutriesupplied to the treatment wetlands.
Concerning the 8 g fertilizer addition, the seas@fffuent NH,-N concentrations for the
indoor wetland was similar to that of the outdocethand between spring 2005 and
summer 2006. The increase in fertilizer supply tedthe significant augmentation
(p<0.05) of the effluent NN concentration (Table 6-3). In autumn 2006, tfiient
NH4-N concentrations increased 4.9 and 6.9 timesHerindoor and outdoor wetland,
respectively, in comparison to summer 2006, af@eg 3ertilizer was supplied. A decline
of effluent NH,-N concentrations was observed afterwards, whenfdttdizer supply
was dropped from 30 to 15 g. Furthermore, relagil@lv effluent NH-N concentrations
were observed in the outflows of the indoor wetldaodng the same running period (Fig.

6-16a).
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Figure 6-16a

-L0/S

200 -

(I/6w) uonenusouod N-"HN uany3

y , \( L 0/S
o .
- ; . oo £
= .
g i Lo0/S &
1)]
§ -,
: S L 90/S :
% o £ g =
ol E 5% som
3 8 g 2 |
5 8 SOV
i |
=0 L G0/S
K I nv + L G0/S
o e o o o
e B & =

200 4

Figure 6-16b

. )MY L /0/S
,. “ ——d—+1 }20/S
o i
’ﬂn.? (\/a | IQ.OH_.??
3 s
g_ - 90/
S i
d  Foo/1s
_ - - 90/S
5 2§ .
o| B % L GO/M
| Ww %W L
5 m L GO/
85 ;
M o - G0/S
K __ + L G0/S
o o o o o
- o " *

(/Bw) uonesuaouod N-“ON juenu3

Time (season)

201



Chapter 6

Figure 6-16¢
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Figure 6-16. Seasonal effluent variability of tle@ @&mmonia-nitrogen (NAHN),
(b) nitrate-nitrogen (N®N), and (c) ortho-phosphate-phosphorus {P®)
concentrations in the indoor and outdoor wetlamdgériods of 8, 15 and 30 g fertilizer

supply (added to the influent every second week).

Table 6-3. One-way analysis of variance asseshmegffect of fertilizer supply

Parameters Indoor wetland Outdoor wetland

Unit F-ratio pvalue F-ratio pvalue

NH,-N? mg/l 18.48  <0.01 54.88  <0.01
NO5-N° mg/l  9.19 0.02 23.63 <0.01
PO P mg/l  1.61 0.25 0.35 0.57
pH - 67.09  <0.01 356.02 <0.01
DO mg/l  9.05 0.02 10.27  0.02
Redox potential mV 8.28 0.02 7.08 0.03

@ ammonia-nitrogen® nitrate-nitrogen? ortho-phosphorus-phosphategissolved oxygen. Note: Only one seasonal datavastnot

statistically significance for 30 g (n=1) fertilizeupply. The differences in effluent variablesidgrphases of 8 g (n=6) and 15 g
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(n=3) fertilizer supply were evaluatedpat0.05. Results of a one-way analysis of variancesssisg the effect of fertilizer supply (8 g
versus15 g added to the influent every two weeks; sedticse on experimental operation) on the seasonifliesft nutrient

concentrations and other variables for both theanénd outdoor wetland.

With respect to N@N removal, the absence of seasonal variability aise
confirmed with Fig. 6-16b. The relationships betwe&luent NQ-N concentrations and
nutrient supply were similar to those for MN. Effluent NG-N concentrations
significantly increased (p<0.05) with increasingtrient supply and reduced with
decreasing nutrient supply (Table 6-3). In conttadiiHs;-N, however, elevated effluent
NOs-N concentrations were not immediately observeelr &0 g fertilizer was added, but
were noted in the subsequent treatment phase §Figb). Ammonia-nitrogen was the
main nitrogen component of the fertilizer. The sfanmation of NH-N to NOs-N caused
inconsistencies in nutrient availability, and lechigh effluent N@N concentrations.

Effluent PQ*-P concentrations in both indoor and outdoor welsanere
measured to assess the seasonal variability inppboss removal by vertical-flow
constructed wetlands. As shown in Fig. 6-16c, sealseariations had a minor impact on
phosphorus removal. Nutrient supply changes hatktat gmpact on the distribution of
the seasonal effluent phosphorus concentrationegltire entire running period. Effluent
phosphorus concentrations increased with the augmm@m of nutrient supply and
decreased with reduced nutrient dosage for bothirtheor and outdoor wetlands. In
addition, the effluent phosphorus concentrationsnduhe period of 15 g nutrient supply
were not significantly lower (p<0.05) than thoseidg the phase of 8 g nutrient supply
(Fig. 6-16c¢; Table 6-3). The consumption of phospban benzene treatment increased

with greater nutrient availability.
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6.4.2 Seasonal variability for other water quality variables

The indoor room temperatures and the outdoor atheygptemperatures were
recorded. As shown in Fig. 6-17, the indoor roormgerature was much higher
compared to the outdoor atmospheric temperatureordeffull control of the
environmental boundary conditions was establishesbimmer 2006. The relatively high
indoor temperatures contributed to increased benzemoval efficiencies. Concerning
the outdoor wetland, the recorded atmospheric testyres changed seasonally, and the

hottest and coldest season was summer 2005 anern&d@6 with a mean temperature of

19.8 and 7.0°C, respectively.
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Figure 6-17. Seasonal variability of temperaturetifie indoor and outdoor wetlands.

The seasonal variability in effluent pH for botle tindoor and outdoor wetlands is

shown in Fig. 6-18a. No seasonal variations inuefit pH were recorded. Benzene
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removal resulted in a continuous decline of theefft pH values for both the indoor and
outdoor wetlands, regardless of nutrient concentrtathanges (Fig. 6-18a). Furthermore,

significantly higher (p<0.05) effluent pH values rweobserved with 8 in comparison to

15 g fertilizer supply (Table 6-15).
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Figure 6-18b
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During the entire experiment, the effluent DO corications were lower in the indoor
wetland compared to the outdoor wetland (Fig. 6)18bthe first year of operation, excellent
benzene removal for both the indoor and outdoodands was observed. This lowered the
corresponding effluent DO concentrations as obsknmvd-ig. 6-18b, especially in autumn 2005.
With the decrease of benzene treatment efficienftgr aspring 2006, the effluent DO
concentrations increased virtually independently sebsonal variability. The effluent DO
concentrations during periods of 15 and 30 g feetilsupply were significantly higher (p<0.05)
than those recorded during the period of 8 g feetil supply (Table 6-3). During the entire
experiment, the highest effluent DO concentrationthe indoor and outdoor wetlands occurred
in autumn 2006 with mean values of 5.3 mg/l anang/2, respectively (Fig. 6-18b).

There was no seasonal variability in effluent redoboth indoor and outdoor wetlands (Fig. 6-
18c). The effluent redox gradually increased withréased benzene removal observed during
the first year of operation but decreased with cedubenzene treatment efficiency. The lowest
values of 110.7 and 117.9 mV occurred in summei7 200 the indoor and outdoor wetlands,
respectively. Findings show that an increase ofntlgient supply resulted in a decrease of the
effluent redox. Moreover, the effluent redox wagnsgicantly higher (p<0.05) with 8 in

comparison to 15 g fertilizer supply (Table 6-3).
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6.4.3 Impact of seasonal temperature on seasonal benzseremoval

A number of studies have shown that benzene rent@Ends on several factors such as
temperature, pH, oxygen availability and salinkight et al, 1999; Li,et al, 2006; Luet al,
2002). The effect of temperature on benzene remeffigiency was not visible during the first
year of operation, and the seasonal benzene rereffi@éncy was almost unchanged for both
the indoor and outdoor wetlands (Fig. 6-15). Adsorpby fresh aggregates played an important
role in benzene removal as reported by Adaehial. (2003). Accumulation experiments
indicated that >50% of the accumulated mass of dremzvas located within the intra-particle
pores and on the grain surfaces (Codéewl, 1996). Results of linear fits indicated that s
benzene removal efficiency was weakly linked to agpheric temperature in planted vertical-
flow constructed wetlands R0.09; Fig. 6-19). However, seasonal variability benzene
removal efficiency was observed after winter 208%d much better benzene removal occurred
in spring and autumn in contrast to summer andewi(fEig. 6-15). Similar results were also
obtained by Salmoat al. (1998) showing that the benzene treatment effagiemas significantly
lower in winter than in spring and summer. In anyeatudy by Ward and Brock (1976), the
highest hydrocarbon removal rate in an oil-contatad lake occurred during early spring and

decreased in the following summer.
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Figure 6-19. Relationship between the seasonal dmenzemoval efficiency and seasonal

atmospheric temperature.

Processes such as adsorption, biodegradation datllization contributed to benzene
removal (Corleyet al, 1996; Leeet al, 2004, Liet al, 2006). Concerning adsorption removal,
no obvious temperature dependences were observédnegligible differences in benzene
removal efficiency at 4, 10 and 20°C were deteateshdustrial wastewater adsorption studies
(Adachiet al, 2001). In vertical-flow constructed wetlands, beme removal by volatilization
was insignificant, if compared to removal by biodetation (Salmoet al, 1998).

Henry's law constant for benzene can be obtaineenwbmperature increases from 6 to 10°C
(Gorgényiet al, 2002). However, mesophilic and thermophilic marganisms are severely
limited in degrading benzene at or below 10°C (Kmegeret al, 2003). This explains why the
lowest benzene removal efficiency was recorded intew 2006, where the corresponding

seasonal temperature was 7°C (Fig. 6-17).
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Furthermore, the highest benzene removal efficiemay observed in spring and not in summer

as may be expected. It follows that benzene bi@ikgion does not strictly increase with an
increase in temperature. These findings were coefir by a recent study indicating that
biodegradation of benzene was faster at 15 and #& at 30°C. Similar biodegradation rates
were noted at 15 and 25°C, while the optimal temjpee conditions for biodegradation of
benzene were 20°C (L&t al, 2006). Improved biodegradation rates have alem lmserved in

wetland environments to occur at temperatures 126 and 30°C (Cooney, 1984).

6.4.4 Impact of nutrient supply on seasonal benzene reoval

Salmonet al. (1998) introduced a specific cocktail of nutrie(@snmonia, 1.5%; nitrate,
2.5%; phosphorus, 1.5%; potassium, 3.8%) to cocsttu wetlands to encourage benzene
biodegradation. In other biodegradation studieswskleasing fertilizers have been used to
provide a continuous supply of nutrients, partidylaitrogen and phosphorus (e.g. Xt al,
2003). For groundwater remediation, apatite rock haen used as a phosphorus source for
groundwater microbes to improve the biodegradadiornonoaromatic hydrocarbon (Granggr
al., 1999).
In this study, different N-P-K Miracle-Gro fertiez amounts were added during different
running periods to assess the effect of nutrieppsuon benzene removal (see above). The
linear trend line fit in Fig. 6-20a indicates thithe seasonal benzene removal efficiency was
weakly linked to the effluent ammonia-nitrogen (NM) concentrations
with R? values of 0.30 and 0.17 for the indoor and outdweettands, respectively. According to
Fig. 6-20b, the seasonal benzene removal efficielecyeased linearly with increasing effluent
nitrate-nitrogen (N@N) concentrations with Rof 0.55 and 0.73 for indoor and outdoor

wetlands, respectively. However, the relationshipstween seasonal benzene removal
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efficiencies and effluent ortho-phosphorus-phosph®Q*-P) concentrations were weak with

linear correlation coefficients of“R0.001 (zero for all tense and purposes) were oédafor

both the indoor and outdoor wetlands (Fig. 6-20c).

Considering the entire experiment, fertilizer syppf up to 30 g did not result in enhanced

seasonal benzene removal. The seasonal benzeneatezffwiency was 96% with 8 g fertilizer

supply and with corresponding effluent NN concentrations of 3.79 and 8.30 mg/l, effluent

NOs-N concentrations of 0.56 and 3.68 mg/l and efftu@®,>-P concentrations of 7.90 and 9.92

mg/l for the indoor and outdoor wetlands, respetyi¢Fig. 6-20).

Figure 6-20a

Seasonal benzene removal efficiency (%)

100+

804

60+

40

O  Indoor wetland y=
4 Outdoor wetland y=

-0.18x+97.16 (R°=0.30)
-0.18x+88.36 (R*=0.17)

O

T L) T T
25 50 75 100
Seasonal effluent NH,-N concentrations (mg/l)

1
125

211



Chapter 6

Figure 6-20b
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Weak linear trendline relationships between sedsbeazene removal efficiency and
effluent NH-N and PGQ*-P concentrations were observed. This could bea@mei with an
excess supply of both nutrients, considering thanania and phosphate are usually regarded as
essential nutrient sources for microorganism graavith propagation in constructed wetlands and
microbial biomass (Cannoet al, 2000). As shown in Fig. 6-20b, a good linearbigtween
seasonal benzene removal and effluent nitrategatreeuggested that nitrate is a more preferred
nitrogen source than ammonia in benzene removaepses. Wrenst al. (1994) studied the
effects of different forms of nitrogen on biodegaidn of light Arabian crude oil in
respirometers. Their findings indicated that nér& a better nitrogen source than ammonia
because acid production associated with ammoniabnoksm inhibited oil biodegradation.
Furthermore, nitrate was found to be a more faJderablectron acceptor in benzene
biodegradation (Hwet al, 2007; Johnsowet al, 2003; Schreiber and Bahr, 2002; Yagtgal,
2008). The most noteworthy paper in this field @ent years described benzene oxidation by
two strains of the genu3echloromonaswith nitrate as the sole electron acceptor (Coates,
2001).

Rosenberg and Ron (1996) calculated that approglgna60 mg of nitrogen and 30 mg
of phosphorus are theoretically utilized in the wension of 1000 mg of hydrocarbon to cell
materials. Ahn (1999) further studied the effect rofrate concentrations under tidal flow
conditions on hydrocarbon biodegradation with métreoncentrations ranging between 6.25 and
400 mg/l. The results from both hydrocarbon analykiopane as a biomarker) and microbial
growth (phospholipids analysis) showed that thenwgdt nitrate concentration fed under these
conditions was approximately 25 mg/l. Based on bemzene treatment efficiency and

corresponding effluent nutrient concentrations myiperiods of 8, 15 and 30 g fertilizer supply,
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it can be found that 8 g fertilizer supply satisftbe nutrient requirement for benzene treatment

in this study (Figs. 6-15 and 6-16).

6.4.5 Impact of pH on seasonal benzene removal

As shown in Fig. 6-18a, seasonal pH values graglugdtreased from 6.98 and 7.17 in
spring 2005 to 6.05 and 6.31 in summer 2007 forritdeor and outdoor wetlands, respectively.
This implies that the long-term benzene treatmesulted in reduced pH values. Findings
showed that the pH values indicated acidic conaiétiduring benzene degradation, which was
confirmed by Venosa and Zhu (2003). As remarkedipusly, adsorption and biodegradation
processes were predominantly responsible for benzemoval in this study. Concerning
adsorption, the benzene removal efficiency usualtyeases as pH increases between the range
of 1 to 11 (Adachket al, 2001). Biodegradation studies showed that benremeval increased
with increasing pH. Optimal degradation was obsgémeneutral or slightly alkaline conditions
(Lu et al, 2002; Yanget al, 2008). Jung and Park (2004) reported that thbdsigbenzene
biodegradation rate was observed at a pH value lof this study, the seasonal benzene removal
efficiency increased with increasing effluent pHues. This has been confirmed by the high
linear correlation coefficients Rof 0.82 and 0.63 for the indoor and outdoor wetan
respectively (Fig. 6-21). Furthermore, 95% higheasonal benzene removal was achieved at
effluent pH ranges between 7.03 and 7.17. Thesknfiys correspond well with observations by

Jung and Park (2004), lat al.(2002) and Yanegt al. (2008).
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Figure 6-21. Relationship between the seasonadmnremoval efficiency and the pH of the

effluent.

6.4.6 Impact of DO and redox on seasonal benzene remdva

The release of oxygen by wetland plants was re@adrtemany treatment studies (e.qg.
Scholz, 2006; Vymazal, 2007). However, freshwatetlands are typically considered to be
nutrient limited due to a heavy demand for nutseby the aquatic plants (Venosa and Zhu,
2003). They are also viewed as nutrient traps wkssconsidering that substantial amount of
nutrients can be bound in biomass (Mitsch and Giogsd.993). An increase in nutrients led to
better plant and root growth in hydrocarbon treathwetlands, and thus increased the oxygen
release from the plant root zone, which subsequestrthanced hydrocarbon degradation as
shown by Purandare (1999). This finding helps tplar why the effluent DO concentrations
were higher during phases of 15 and 30 g fertilgaply in comparison to 8 g fertilizer supply
(Fig. 6-18b). A further reason for the increasdtueht DO concentrations during periods of 30

and 15 g fertilizer supply was the decrease in erygonsumption due to benzene degradation.
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A decline in benzene removal reduces the utiliratibavailable oxygen (Johnset al, 2003).
Benzene degradation leads to an increase in adaduption (Venosa and Zhu, 2003). This
finding was confirmed in this study consideringtthbl declined continuously (Fig. 6-18a). This
increase in acid production resulted in the gradeatease of effluent redox (Fig. 6-18c).

As shown in Fig. 6-22, higher seasonal benzene vehefficiencies were observed at
lower effluent DO concentrations and higher efflussdox values. Seasonal benzene removal
efficiency was negatively correlated to effluent @@ncentrations with correlation coefficients
R? of 0.41 and 0.38 (Fig. 6-22a), while positivelyretated to effluent redox with?f 0.65 and
0.66 for the indoor and outdoor wetlands, respebtiFig. 6-22b). In general, the seasonal
benzene removal efficiency was 90% higher in bt indoor and outdoor wetlands with
corresponding effluent DO concentrations betwe@&add 2.3 mg/l, and redox values between

178.2 and 268.9 mV, respectively (Fig. 6-22).
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Figure 6-22a
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Benzene is removed at a faster rate under aerabgpared to anaerobic conditions

(Gibson and Subramanian, 1984; Johnson et al, 2(®i8)jilar finding were also reported
elsewhere; e.g. the benzene removal efficiencyeased with decreasing effluent DO
concentrations, and an increasing consumption pfe@x resulted in improved benzene removal
(Lu et al, 2002). Yerushalmi and Guiot (2001) defined DO amorirations of <2 mg/l as
microaerophilic for benzene biodegradation. The imar specific rate of benzene
biodegradation was approximately 2.6 mg/mg biontasd/ benzene concentrations ranging
between 22.0 to 65.9 mg/l.

Considering the importance of oxygen availability &ffective benzene removal, a variety of
approaches to physically promote oxygen availabliave been tested for anoxic soil, sediment
and groundwater aquifers. These include biopileggction of oxygen, air, aerated water,
hydrogen peroxide and chlorite. The latter was adgd by perchlorate-reducing bacteria to
yield oxygenin situ (Coate<et al, 1998; Holdeet al, 1999).

Good aeration conditions of vertical-flow constectwetlands have been demonstrated
in previous studies (Schoét al, 2002; Vymazal, 2007) and these findings are comd in this
study. As shown in Fig. 6-22, effluent DO concetitras of >2 mg/l were observed during the
running period. The observed concentrations of erygere sufficient for benzene degradation
according to criteria defined by Yerushalmi and @&ui2001) for comparable experimental
settings. Moreover, negative linear correlationsveen seasonal benzene removal efficiencies
and effluent DO concentrations indicated the condion of oxygen in the benzene
biodegradation process (Fig. 6-22a).

The terminal electron acceptor for the biodegrasabf benzene is molecular oxygen
during aerobic respiration (Johnsaet al, 2003). In the absence of oxygen, benzene

biodegradation involved common electron acceptoduding nitrate, sulphate and carbon
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dioxide. However, benzene biodegradation in agsiiferpredominantly aerobic, with limited

amounts being degraded anaerobically (Aronson awdartd, 1997).

Based on these findings, oxygen and nitrate coaic lbeen possible electron acceptors
for benzene biodegradation in this study. With gupply of these two electron acceptors,
positive linear relationships were obtained betwienseasonal benzene removal efficiency and
effluent redox (Fig. 6-22b). This indicates thahbene removal performed much better under

oxidative conditions than under reducing conditions

6.5. Summary

The research shows the sustainable managemene afetisonal variability in benzene
removal by planted vertical-flow constructed wetlanto prevent pollution of receiving
watercourses. The seasonal variability in benzen®val by planted vertical-flow constructed
wetlands was assessed between spring 2005 andra@0w.

During the first year of operation, the benzene aemh efficiency was virtually constant (97-
100%) without any visible signs of seasonal vaviai in the data distribution. During the
following years, benzene removal efficiency vargsdsonally in the outdoor wetland. In 2006,
the highest and lowest benzene removal efficienomurred in spring and winter at mean
atmospheric temperatures of 13.8 and 7.0°C, respéct The highest benzene removal
efficiency was noted in spring and not in summeexgsected. This indicates that the benzene
removal did not solely depend on temperature.

The seasonal variability in effluent ammonia-nigagdNH;-N), nitrate-nitrogen (N@N), ortho-
phosphate-phosphorus (F@P), pH, dissolved oxygen (DO) and redox potentiatiox) was
examined. Findings show that the effluent AM{ NOs-N and PQ*-P concentrations did not

vary seasonally during the entire period of operatiHowever, an increase or decrease of
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fertilizer supply led to the corresponding changeseffluent NH-N, NOs-N and PQ*-P
concentrations. Except for the above nutrientssemsonal variability in effluent pH and redox
were observed. In both the indoor and outdoor pthmietlands, benzene treatment resulted in a
continuous decline in effluent pH and redox. Seabkwariability in effluent DO concentrations
were not observed, and the effluent DO concentratiwere higher during periods of 15 and 30 g
fertilizer supply (added to the influent every sedoveek) in comparison to the period when
only 8 g fertilizer was applied for both the ind@ord outdoor wetlands.

Results from linear regression analyses indicated the seasonal benzene removal

efficiency was weakly linked to temperature anduefit NH-N and PG*-P concentrations.
However, the seasonal benzene removal efficiensynegatively correlated and closely related
to effluent DO and N@N concentrations, while positively correlated aridsely related to
effluent pH and redox. Findings show that seasbeakene removal efficiency increased with
an increase in effluent pH and redox potential, dedreased with increasing effluent DO and
NOs-N concentrations.
Concerning nutrient supply, the supply of 8 g femér was sufficient to treat 1000 mg/l benzene
influent in vertical-flow constructed wetlands. Téeasonal benzene removal efficiency could be
as high as 90%, if the effluent pH, redox, DO ar@;M values were between 7.03 and 7.17,
178.2 and 268.93 mV, 0.8 and 2.3 mg/l, and 0.56368 mg/|, respectively.

This chapter successfully demonstrated advanceofi¢hé understanding of wetlands
internal processes and optimal operating condiifaihe water quality variables, as verified by
the monthly performances and seasonal variabilifyenzene removal and associated impacting

factors.
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Application of an artificial neural network and
multivariable testing to support constructed
wetlands operation, optimization and management*

7.1. Overview

This chapter presents an artificial neural netw@e&lf Organizing Map (SOM))
and multiple variable testing for the prediction @fperimental constructed wetland
performance. Considering that none of the watetityuzariables operate in isolation,
actual analysis of multiple water quality variabledl be required for a thorough
understanding of the overall water quality rolescohstructed wetlands in treatment of
hydrocarbon and the development of assessmentigees The SOM and multiple
variable testing were applied to predict relatiopshetween benzene and other water
quality variables. They were also used to asseassnative methods of analyzing water

quality performance indicators in constructed wedkatreating hydrocarbon.

* Parts this chapter was submitted for publicatisin a
Tang X., Eke P. E., Scholz M. and Huang S. (20B8)cesses Impacting Benzene Removal in VerticalFlo
Constructed WetlandBioresource Technologiy press.

Eke P. E. and Scholz M. (2008), Self Organizing Maplied for management and monitoring of constuietetlands
treating Hydrocarbon. In preparation.
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The chapter is structured as follows: Section egcdbed the aims and objectives
of this chapter. Section 7.3 introduced the aréficeural network tool applied for the
wastewater treatment system. Section 7.4 gave iggsos of SOM model and its
theoretical backgroundSections 7.5 presented SOM applied to constructetfamds
treating hydrocarbon, the subsections show metlaods software, training, testing of
data sets and visualization of results, 7.6 preskfenzene removal simulated with
selected variables applying multivariate linearresgion models, 7.7 presented large
Scale Constructed Wetlands applied for HydrocarBoeatment. Case Studies, 7.8

presented limitations of the analysis and 7.9 suriz@a the chapter.

7.2. Aims and objectives

The purpose of this chapter is the developmentesfopmance monitoring and
data exploration techniques based on self-orgapizimap. The SOM and multiple
variable testing techniques are used to estimatkenaonitor the diverse states of the
water quality variables in the constructed treathestlands. Moreover, establishing the
correlations among process variables is necessanyder to obtain a knowledge-based
system required for effective monitoring of consted treatment wetlands.

The objectives are to:
1. investigate the processes, interactions and impeicteater quality variables
during benzene removal in vertical-flow constructestlands;
2. simulate the benzene removal with selected vasaldpplying SOM and

multivariate linear regression models;
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3. assess novel alternative methods of analyzing watgality performance
indicators for constructed treatment wetlands;

4. investigate the potential use of SOM and multipdeiable testing techniques as
the management and optimization tools to enhaneeutiderstanding of ‘black

box’ systems as well as reduce operation costs.

7.3. Artificial neural network applied to wastewater treatment

processes

Artificial Neural Network (ANN) technique is partf dhe research area of
artificial intelligence. Artificial neural networkare basically network systems in which
various nodes called neurons are interconnectedN BNartificial and simplified models
of the neurons that exist in the human brain. Theéitity relies on the quality of the
signals used for training and the performance @& tfaining algorithms and their
parameters do not contain information that can ibectly understood by the human
operator or that can easily be related to the phygiroperties of the system to be
modeled (Vieira et al 2004). ANN can be used fadiing out the relationship between
independent and dependent variables. They can ée as a ‘black box’ approach to
create models of systems profiting of the facitbdymodel non-linear (as well as linear)
systems. The advantages of ANN are as follows: e&sese, rapid prototyping, high
performance, minor assumptions, reduced expert leume required, non-linearity,
multi-dimensionality and easy interpretation (Weraed Obach, 2001).

Self-Organizing Map is the most popular artificia¢ural network algorithm

model in the unsupervised learning category. Thalahavas first described as an
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artificial neural network by the Finnish professbeuvo Kohonen, and is sometimes
called a Kohonen map. About 4000 research artiotest have appeared in the open
literature, and many industrial projects use théS3 a tool for solving hard real-world
problems (Kohonen, 2001). Internet search for S@Msed up 491000 articles in 0.28
seconds. Historically, many fields of science hadwpted the SOM as a standard
analytical tool: statistics, signal processing, toan theory, financial analysis,
experimental physics, chemistry and medicine. QErgg that SOM solves difficult
high-dimensional and nonlinear problems, applicatbthis model to a new area such as
constructed treatment wetlands with associated Empvastewater engineering
processes control problems is justifiable and ma&&@M the ANN of choice in this
study.

Constructed treatment wetlands are often seenrapler ‘black box’ systems,
and the processes within an experimental wetlaadlifficult to model due to the
complexity of the relationships between most wgtelity variables (Gernaest al.,
2004). However, it is necessary to monitor, cordirad predict the treatment
processes to meet environmental and sustainapditgies, and regulatory
requirements such as secondary wastewater treastaards (Scholz, 2006). Studies
have shown that ANN could be applied to establishaghematical relationship between
variables describing a process state and diffemegdsured quantities. ANNs such as
feed-forward neural networks were developed to iptethe effluent concentrations
including BOD and COD for wastewater treatment fdgi®Grieuet al, 2005; Hamedckt
al., 2004; Onkal-Enginet al, 2005), and to control water treatment processes

automatically by modeling the alum dose (Maetral, 2004). The measurement of
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variables such as COD and BOD which were widelyliagfor wastewater treatment
monitoring to gain proper insight of individual iefency of the wetlands and general
indication of the water quality status. Howevekirtg their measurements can both be
expensive (measurements are labour intensive apdakaosts of modern on-line
equipment are relatively high; approximately £18,00r COD and £16,000 for BOD)
and only of historical value (for BQDresults are not available until five days aftes t
sample has been taken). Moreover, it takes at teastind four hours of costly manual
labour to obtain Benzene and COD concentrationgergively. Therefore, an indirect
method of prediction and monitoring of COD, BOD dBenzene, if it could be made
reliable enough, would be advantageous. This calsild be used toward real time online
monitoring of these key variables in field scaleplaation. Lu and Wang (2005)
observed that although ANN methods are cost-effecind highly reliable in analyzing
processes, the traditional neural networks haviemd from their inherent drawbacks;
i.e. over-training, local minima, poor generalipatiand difficulties in their practical

application.

7.4. Self-organizing map

The Self Organizing Map is an excellent tool e tvisualization of high
dimensional data. The SOM uses powerful patterysisaand clustering methods, and
at the same time provides excellent visualizatiapabilities (Garcia and Gonzalez,
2004). The goodness of SOM lies on an unsuperVeading algorithm to establish the
relationships among process variables. Mukherje®q)L stated that the term ‘self

organizing’ refers to the ability to learn and arga information without being given the
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corresponding dependent output values for the ipptiern. Lu and Lo (2002) observed
that SOM is able to map a structured, highly dinmmsd data set onto a much lower
dimensional network in an ‘orderly’ fashion, andjanizes itself by adjusting the weights
according to the input patterns. The SOM offers thstinctive ability to gather
knowledge by detecting the patterns and relatigssifiom a given data set, learning
from relationships and adapting to change. Heh@l, (2002) reveals that the SOM
potentially outperforms current methods of analylsecause it can successfully deal with
the non-linearity of a system, handle ‘noisy’ aegular data and be easily updated.

Several interesting approaches of SOM have beeartegp in water quality
assessment by various researchers. Verdenius aezd3(1999) used SOM model as an
indexing mechanism in case-based reasoning algwsitb control wastewater treatment
processes, and it was employed to diagnose thesdiwtates of a wastewater treatment
plant (Garcia and Gonzalez, 2004; Hoeitgal, 2002). Furthermore, the SOM models
were developed to evaluate the state of water tguadia reservoir, and to predict the
trophic status of coastal waters, showing a stadnility to identify the diversity between
data (Aguileraet al, 2001; Gervreyet al, 2004). These studies demonstrated that the
SOM can assist a process engineer by analyzingdiminsional data and simplifying
them into visual information that can be easily leggbto control plant performance.
However, applications of SOM in water treatmentcgss control are relatively new and
were not implemented as much as traditional nexetlorks such as free forward neural
networks (Grietet al, 2005; Hameet al, 2004).

A SOM consists of neurons, which are connected d@acant neurons by

neighborhood relations. In the training step, oeetar x from the input set is chosen and
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all the weight vectors of the SOM are calculatedgisome distance measure such as the
Euclidian distance (Kohonen, 2001). The neuron, sghaeight vector is closest to the

input x is called the best-matching unit (BMU), sabpted here by ¢ (Equation 7-1):

[|X - mc|| = min{||x - mi||} 7-1
Where:

X = input vector;

m = weight vector; and

[| || = the distance measure.

After finding the BMU, the weighting vectors of tis M are updated, so that the
BMU is moved closer to the input vector. This adéiph procedure stretches the
BMU and its topological neighbors towards the inpettor as shown in Figure 7-1.
The SOM update rule for the weight vector of a imghown in Equation 7-2.

The detailed algorithm of the SOM can be found ah&nhen (2001) for theoretical
considerations:

mi (t+1)=mi (t) +a (t) he () [x () —me ()] 7-2
Where:

m (t) = weight vector indicating the output uniiteation in the data space at time t;
a (t) = the learning rate at time t;
he; (t) = the neighborhood kernel around the ‘winneit’'.c; and

x (t) = an input vector drawn from the input data seiraé t.
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Figure 7-1. Updating the best matching unit (BMdjldts neighbors towards the
input vector marked with x. The solids and daslimekl correspond to situations

before and after updating respectively (based sak® et al., 1999).

After the SOM has been trained, the map needs avéleated to find out if it has
been optimally trained or if further training igqrered. The SOM quality is usually
measured with two criteria: quantization error (@B} topographic error (TE). The QE
is the average distance between each data poinita®@MU, and TE represents the
proportion of all data for which the first and seddBMU are not adjacent with respect to
the measurement of topology preservation (Kohogéal).

After training the map with different map sizess hptimum map size was determined on
the basis of the minimum QE and minimum TE. Thedptéon was implemented by

finding BMU in the trained map for each test dagt s
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7.5. SOM applied to constructed wetlands treating hydrocarbon

The SOM model was applied using the data obtainddar as well as outdoor
rigs to identify the relationship between water I[gyavariables and Benzene treatment
efficiencies. SOM gives better understanding and tiee potential to visualize the
relationship between complex biochemical procegkeg and Scholz 2006). The U-
matrix visualizes distances between neighboring mmajps, and helps to identify the
cluster structures of the map. Each component gaow/s values for each variable with
its corresponding unit. This section consideredpssténvolved such as software

requirement, training, testing of data sets andaligation of results.

7.5.1. Methodology and software

The basic software library for implementing thef$aiganizing Map algorithm is
known as Somtoolbox. Somtoolbox is a public donsoftware package, written in C
language for UNIX and PC environments. Somtoolb@eduwas developed by the
Laboratory of Information and Computer Science ke tHelsinki University of
TechnologyFinland (Vesantet al, 1999). This software package contains all pnogra
necessary for the correct application of the SOMorihm (Kohonen 2001) in the
visualization and analysis of complex experimerdata. This toolbox was used to
preprocess data, initialize and train SOMs usimgrae of different kinds of topologies,
visualize SOMs in various ways, and analyze the@mies of the SOMs and data. The
Toolbox can be downloaded for free from http://weis.hut.fi/projects/somtoolbox.
Some data analysis simulators work in conjunctioith wother computational

environments, such as Microsoft Excel or Matlab.m&mwlbox requires no other
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toolboxes, just the basic functions of Matlab cotimgu environment. Matlab version
R2007a supplied by MathWorks, Inc. (3 Apple Hilli&r Natick, Massachusetts, MA

01760-2098, USA) was used for this analysis.

7.5.2. Training and testing of data sets

Like most artificial neural networks, SOMs operatetwo modes: training and
mapping. Training builds the map using input exaaplt is a competitive process, also
called vector quantization. Mapping automaticallgssifies a new input vector. This
makes SOM useful for visualizing low-dimensionaws of high-dimensional data, akin
to multidimensional scaling.

Experimental data were collected by monitoringeffeient concentrations of the
wetlands for over two years (08/04/05 to 18/10/0He amount of data points used was
comparable and even greater than those used in mthdiction models (Aguilerat al,
2001; Liuet al, 2004). In a first stage of the selection of psxvariables, a selection of
the most significant variables has to be carried Due to this, the physical process itself
was carefully studied and the variables, which havegher degree of influence on the
guality of the treatment process, were chosen. tidiaing of the variables, which are
significant to the process condition, is very intpat. Here, raw data were not taken as
input variables to the learning process in a dikeay, but their mean value was used.
This leads to a much better performance for the STOM input variables were; turbidity
(NTU), conductivity (1S), redox (mV), atmospheric temperatu@)( DO (mg/l) and pH
(-), and output variables; BOD (mg/l), COD (mgfutrients (mg/l) and Benzene (mg/l)

were both stored in the data base. The input bl@sawere selected according to their
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goodness of correlation (Scholz, 2006) with COD,[B@utrients and Benzene, because
they were more cost-effective and easier to meagureomparison to the output
variables.

The SOM could be thought of as a net which is spteathe data cloud. The
SOM training algorithm moves the weight vectorgtsat they span across the data cloud
and so that the map is organized: neighboring msuom the grid get similar weight
vectors (Vesantet al, 1999). In the traditional sequential trainingigples are presented
to the map one at a time, and the algorithm grdylnabves the weight vectors towards
them. The overall data set was initialized andd#udi into training and testing data sub-
sets. There is a graphical user interface toolifdializing and training SOMs. SOM
model was tested for each data sub-set associdtiedelected wetland filter (Wetlands
1, 3 and 5). The training was performed with théadaelonging to the six wetlands
contaminated with benzene. The validation process wherefore undertaken with
independent data sub-sets that were partly sigmifig different to the testing data sub-
set. For this purpose, a set consisting of input amput vector pairs as mentioned in
paragraph one above were required. From this egte pairs are used for the training,
wherein the parameters are adjusted during traimngrder to minimize the prediction

error. After that the network is tested or croskelagied with the remaining pairs.

7.5.3. Visualization of results

Self-organizing map was used to visualize the datecture. Once the SOM has
converged, it stores the most relevant informatdout the process in its codebook

vectors. The visualization process allows all thiermation to be displayed in several
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ways (U-matrix and the component planes). Intermeudistance matrix (U-matrix)
reveals the most important clusters present inptbeess data. The U-matrix visualizes
distances between neighboring map units, and thows the cluster structure of the
map: high values of the U-matrix indicate a clusterder, uniform areas of low values
indicate clusters themselves (Vesastoal, 1999). Each component plane shows the
values of one variable in each map unit. On topthafse visualizations, additional
information can be shown: labels, data histogranusteajectories. The visualization of a
data set simply consists of a set of objects, gattha unique position, color and shape.
The result (Figure 7-2) shows overall high perfanoce as there is clear
visualization of the relationship between effludr@nzene concentrations in wetlands
operated indoors and those operated outdoors.i§ msagreement with findings of other
researchers which states that SOM model showdtlgitsperformance in visualization of
relationship for non-linear and complex biochemidata sets (Lu and Lo, 2002; Garcia
and Gonzélez, 2004). The U-matrix visualizes distarbetween neighboring map units,
and helps to identify the cluster structures of thap. Each component plane shows
values for each variable with its corresponding.ufine SOM map (Figure 7-2) shows
that effluent Benzene concentrations for the wedawomperated indoor are directly
associated with the corresponding outdoor wetlaRdgher observation of the wetlands
operated indoor shows relatively lower effluent Beme concentrations. However,
wetland filter 5 operated outdoors, shown in the kand left part in the map, shows

impressive better performance in comparison tatimeesponding filter 5 indoor.
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Figure 7-2. Self-Organizing Map visualizing relatship between effluent Benzene
concentrations in indoor and outdoor wetlands. Wriman top left, then component
planes. The seven figures are linked by positiereach figure, the hexagon in a

certain position corresponds to the same map Map(in original colour documented in

appendix B).

Figure 7-3 showed clear visualization of the relaghip between benzene and other
water quality variables. The SOM map shows thauefit Benzene concentrations as
shown in the upper and left part in the map, arectly associated with Nitrate-Nitrogen,

COD and associated partially with influent BOD cenizations.
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Figure 7-3. Self-Organizing Map visualizing relatship between effluent water quality
variables and effluent Benzene concentrations itlawe 1 indoor (Map in original

colour documented in appendix B).

Further observation of the indoor variables shdved the relatively high effluent
pH did not link to the high effluent Benzene cortcations. Effluent pH (>6) rather
linked with relatively low effluent Benzene (<3)rmaentrations. This clearly indicates
that high pH did not harm the microorganism respgmedor Benzene degradation during
the processes. Effluent Ammonia-Nitrogen, Orthoggtate-phosphorus, dissolved

oxygen and conductivity, turbidity concentratioreow weak link to effluent Benzene

234



Chapter 7

concentration. Effluent redox concentration did nlmk to effluent Benzene

concentration. Moderate temperature (>15) didshotv any significant relation with the
effluent Benzene concentrations in the SOM mapufeig’-3) but rather indicates that
high temperature did not increase Benzene redugtiothe wetland. The map also
indicates that any temperature ranging from°C5could favour the performance of
constructed wetland treating hydrocarbon.

The observed non-effect of temperature in the wdHais in agreement with
previous observation described by Kedlec and Kn{@B®6), they believed that slowed
removal in winter season may not differ consideralstbm that observed in more
biologically active warmer months. This result msdontrast with some researchers that
observed negative effect of cold climate on théquarance of wetlands (Leonard, 2000;
Karathanasigt al, 2003), while some have suggested negligible &zatpre dependence
(Kadlec and Knight, 1996). However, Werkstr al (2002) observed that soil microbes
still have the capacity to decompose organic mattéow temperature conditions, even
though dormant vegetation and a slow reaction faerobes may reduce biological
removal process within the wetland.

In comparison to figure 7-3, figure 7-4 presents tblationship between effluent
Benzene concentrations and effluent water qualitycentrations in the rig operated
outdoor. The SOM map show that effluent Benzeneceommations associated with
effluent water quality variables similarly. Howeyerith exceptions of effluent turbidity
concentrations that does not link to effluent Berezeoncentrations outdoor. Moreover,
SOM map of the outdoor filter 1 shows that tempeeat(<12°C) and pH (<6.7) are

apparently linked with low effluent Benzene concativns (Figure 7-4).
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Figure 7.4. Self-Organizing Map showing relatiopshietween effluent water quality
variables and Benzene concentrations in wetlandutioor (Map in original colour

documented in appendix B).
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7.6. Multivariable testing and simulation

Data obtained in this research have been subjectddscriptive and inferential
statistical analysis (such as mean, standard dewjaANOVA and time series presented
in chapter 4) for the purpose of individual exanima of the data. This subsection focus
more on inferential statistics that is used to $ateuand model patterns in the data
(multiple variables) and drawing inferences abbetinternal working of the constructed
treatment wetlands. These inferences integratecdriggens of association (correlation)
with modeling of relationships (regression) to supgonstructed wetland operations and
management.

Data collected from the indoor and outdoor consediavetlands 1, 3 and 5 (all
contaminated with benzene) were used for thesiststat analysis and simulation. This
is also an attempt to advance the understandintpeofrelationships between benzene
removal and other water quality variables. Multigression analysis was carried out as
statistical models. All statistic tests in this settion were performed with the software
SPSS (SPSS, 2003) including a one-way analysisaoénce (ANOVA). According to
the coefficients of determination (R) for benzefffiuent concentration and other water
quality variables, easily and inexpensive to measariables (optimal regressors) such
as DO, EC, temperature, pH and redox were choseaprddict benzene removal by
multivariate linear regression analysis. Correlatimefficients (B) and p value were
calculated to assess the linear relationships letwariables. Differences were regarded

as significant at£0.05 (Tao et al., 2007).
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7.6.1. Correlation analysis and Multivariable regression

Correlation analysis measures the relationship éatwtwo items. Table 7-1
presented correlation matrix presented for all ttagiables in this study. Though
correlation and causation are connected as obsertbis analysis but "Correlation does
not imply causation”. However, correlation is needed forsedian to be proved. It is
pertinent to note that though the correlation doigfiit provide useful summary statistic,
it cannot replace the individual examination of tla¢a (already done in chapters 4, 5 and
6).

A linear regression analysis was initiated to test relationships between each
variable and the effluent benzene concentratioe. idoor wetland 1 was selected as an
example. The coefficients of the corresponding etation matrix for all variables are
shown in Table 7-1. The effluent benzene conceatratwere positively correlated with
the effluent COD and DO concentrations with cotretacoefficients of 0.557 and 0.590,
respectively. However, the pH and temperature meggtcorrelated with the effluent
benzene concentration and the correlation coeffisiewere-0.690 and -0.559,
respectively.

In present study, BOD and COD removal were monitaneconstructed wetlands
treating benzene with influent concentrations df. Igwas found that BOD removal was
positively correlated with COD removal (R=0.601ig relationship was also observed
in other wetland studies for domestic and municipastewater treatment (Merlin, 2002).

Anaerobic degradation of organic compounds occuremoxygen is limiting at
high organic loading rates (Cooper et al., 199@&nsidering that the DO concentration

of the indoor wetland 1 was 2.72+1.63mg/l, the wailability of oxygen suggests that
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anaerobic degradation is likely to be the most iptessapproach for COD removal.

Previous studies indicated that the optimal pH eamgas between 6.5 and 7.5 for
anaerobic degradation of organic compounds (Vymd#&89). The over-production of
acid by acid formers (such as strictly anaerobitatetreducing and methane-forming
bacteria) can rapidly result in a low pH and in teduction of the organic compounds
removal efficiency. The pH range was 6.67+0.43 (@ab3) for the selected wetland 1,
which corresponded well with the optimal range {B.5) for anaerobic degradation
(Vymazal, 1999). An increase of the COD effluenh@entrations was observed with a
decrease of the pH values. A negative correlatioefficient (R=-0.802; Table 7-1)

between the COD effluent concentrations and the vahlies supported the above
assumption.

Nitrogen and phosphorus removal processes withttamds have been discussed
previously (Kadlec and Knight, 1996; Scholz et &002; Vymazal, 2007). In
comparison, the impact of RQ NH4;-N and NQ-N on benzene removal was evaluated
in this paper. The phosphorus removal is predontipassociated with the physical and
chemical properties of the wetland aggregates. pttuyzas may precipitate within the
aggregates and is often adsorbed by wetland mEdidi€c and Knight, 1996; Vymazal,
2007). Biological removal is another pathway foogphorus reduction. Behrends et al.
(2001) reported that the removal of phosphorus myourganisms can reach between10
and 12%. Ammonia is usually used as a nitrogenceofar microorganism growth and
propagation, and microbial biomass may containarp 12% nitrogen (Cannon et al.,

2000).
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Table 7-1. Correlation matrix for all the variabléske indoor wetland 1 for example)

Benzene BOD COD P& NOsN NH;sN T DO pH EC Redox Turbidity

Benzene  1.000

BOD
COD
PO~
NOs-N
NH4-N
T

DO
pH

EC
Redox

0.245 1.000

0.557 0.601 1.000

0.015 0.105 -0.146 1.000

0.159 0.295 0.242 0.024 1.000

0.180 0.381 0.213 0.841 0.412 1.000

-0.559 -0.359 -0.506 -0.295 -0.401 -0.499 1.000

0.590 0.365 0.265 0.444 0.386 0.603 -0.705 1.000

-0.690 -0.537 -0.802 -0.167 -0.416 -0.495 0.714€.635 1.000

0.368 0.438 0.187 0.194 0.528 0.387 -0.272 0.680.398 1.000

-0.487 -0.349 -0.560 -0.155 -0.318 -0.367 7®.5 -0.634 0.648 -0.503 1.000

Turbidity -0.173 0.159 -0.223 0.020 -0.137 -0.065.55% -0.059 0.276 0.453 -0.036 1.000

Table 7-1 showed that RO removal was positive correlated with NN
(R=0.841). It follows that ammonia-nitrogen andhorphosphate-phosphorus can be
simultaneously removed by microorganisms in wettarditrite is closely related to
ammonia, as most of nitrite is produced throughifitation of ammonia (Sun et al.,
2005; Vymazal, 2007). The NN effluent concentration increased with an inceeems
NH4-N effluent concentration (R=0.412; Table 7-1)shswn in previous literature (Sun
et al., 2005; Vymazal, 2007). Increased oxygen labdity can stimulate nitrifying
bacteria and enhance DHN removal (Scholz et al., 2002). A correlation fficeent of
0.602 between NHN and DO indicated that higher oxygen availabitagilitates NH-N
removal even if benzene is present.

Figure 7-1 shows correlations between benzene thadt water quality variables.
Positive and negative correlation coefficients hawbe following orders:
COD>DO>EC>NQ-N>BOD and pH> redox> temperature> turbidity, respely. Very

weak correlations between benzene and botﬁ'la@d NH-N were calculated.

240



Chapter 7

Although PQ* and NH-N had no significance on benzene removal (Tahlg, 7-
positive correlation coefficients for BOD, COD amMilOs-N suggest that microbial
activity and hydrocarbon removal efficiency werdirectly improved by the utilization
of slowly released fertilizer. This support prevsotdinding which states that the
continuous supply of nutrients can maintain su#fii microbial activity and
subsequently relatively high hydrocarbon removatieincy (Riser-Roberts, 1992; Xu et
al., 2003).

Mean pH values were between 6.38 and 6.70 (Takdg Bffluent benzene
concentrations were negatively correlated with ghisrange (Table 7-1). Lu et al. (2002)
reported that the benzene removal efficiency irggdawith an increase of pH in the pH
range between 5 and 8. Their finding was confirimgthis study.

Oxygen is another key factor impacting on benzesraoval. Lu et al (2002)
found out that DO concentrations decreased withredsing effluent benzene
concentrations. Their conclusion was supported Hig study. The DO correlated
positively with the effluent benzene; the correlatcoefficient was 0.50 (Table 7-1).

Figure 7-5 summarizes the outcomes of a correlatinalysis for the most
important water quality variables. A regression lgsia was conducted to determine
time-consuming and expensive water quality varsldech as benzene and BOD with

easy and cheaply to determine variables such asEl0Qredox, T (temperature) and pH.
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Figure 7-5. Distribution of personal correlationefficient between benzene and water
guality variables, S D, standard derivation, sgsianeeach box center were the average

values, and the line means 50% of the value range.

Monthly mean data were used, and the findings ef régression analysis are
shown in Table 7-2. Weak correlation coefficier®é)(indicated that both the indoor and
outdoor wetlands 5 (controls) were unsuitable foe tegression model. The effluent
benzene concentrations for the indoor and outdtaorted wetlands were predicted? (@
0.748 and 0.714, respectively; p<0.05; Table 7-Bh whe five selected variables DO,
EC, redox, T and pH. These results successful dstradad the possibility of real time
optimization and control of constructed wetland gesses, which could be applied to

field scale.

242



Chapter 7

Table 7-2. Multivariable linear regression equatiofn selected constructed wetlands

n linear regression equations R p

30 1lin _Benzene=1413.57+16.33D0+0.04EC+0.28Redd3BpH-2.69T 0.748 0.001
30 3In _Benzene=764.76-2.51D0+0.30EC+0.23Redox26p61+20.45T  0.6630.009
30 5In _Benzene=957.03-1.55D0-0.014EC+0.25Redox72p®-22.76 T  0.4820.021
30 10ut _Benzene=1878.16+32.41D0-0.03EC-0.33Re8dx43pH-1.59T 0.714 0.002
30 30ut_Benzene=3544.26-12.62D0+0.04EC-0.53Redb6x58pH-12.61T 0.724 0.001
30 50ut_Benzene=-764.49+32.13D0O+0.21EC-1.21Red®&¥8pH-3.13T 0.538 0.019

In and Out represent indoor and outdoor selectatstoacted wetlands; N, sample
number; DO, dissolved oxygen (mg/l); EC, electraroaductivity (1S); Redox, potential
of reduction/oxidation reaction (mV); T, temper&ufC); R, correlated coefficients;

correlation and difference were considered sigaifiat R0.05.

Mean values of benzene and other water qualityalsbes were used to conduct a
hierarchical cluster analysis to visualize and esplcomplex data sets as well as to
guantify the overall performance of the selectedlamels. The basic aim of the cluster
analysis is to represent the (dis)similarity betweestlands, so that similar wetlands are
depicted near from each other and dissimilar wdtlare found further apart from each
other. The dendrogram in Fig. 7-6 indicates thdh wdoor and outdoor wetlands form
two separate clusters. The control of environmeatzbrs such as temperature, light and
humidity did impact on the wetland performance. Ttrenation of a separate cluster by
the indoor wetlands 1 and 5 suggests that aggegatd wetland plants have no
important impact on wetland processes under stall@or conditions. In contrast, the
outdoor wetlands 1 and 3 form another separatdeclisiplying that aggregates and

plants play an indirect role for pollutant remowal constructed wetlands located in
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natural environments. This finding is well suppdrtey previous researches focusing on

substrates and plant studies (Kadlec and Knigli618ee and Scholz, 2006; Vymazal,

2007).
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Figure 7-6. Hierarchical cluster dendrogram ofthé selected constructed wetlands, IN

and OUT are short for indoor and outdoor, respebtiv

These performances are encouraging and suppogotieatial for future use of

these models as management tools for the day-tgadagess control of constructed

wetlands and other complex biochemical systems.
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7.7. Large Scale Constructed Wetlands applied for Hydrocarbon

Treatment: Case Studies

Feasibility of using of large scale constructed larets for hydrocarbon
treatment case studies has been conducted by Wernple (2000) and concluded that
petroleum wastes naturally degrade in wetland enwnents. Despite the lack of
widespread use of constructed wetlands to treaduymed and wastewater from oil and
gas facilities, many pilot scale and some largdessgstems are in existence. Both
surface-flow and subsurface-flow constructed weltalnave been used to treat petroleum
wastewaters (American Petroleum Institute, 1998).

Some cases of working facilities are presented howsthat the theory of
constructed wetlands to treat hydrocarbons canubénpo practice, supported by Lin et
al., (2003), who stated that a small series of amels can be compared directly with a
large wetland. A produced water treatment wetlamdaiWyoming oilfield replaced
disposal wells which treated up to 10,000 barréisroduced water per day at an annual
cost of $185,000. The installation of the wetlasybstem and associated facilities
allowed the treatment of 35000 barrels of produeater per day at a cost of less than
$10,000 per year, saving $175,000/year (Myers.e2801). The facility reported 95-
100% hydrocarbon removal, which coincides with ifiig$ from this research (KB
experimental Wetlands).

Having tried many unsuccessful biological treattmemcesses at the Williams
Pipeline Company terminal in South Dakota, a pkrtenstructed wetland facility was
installed with aeration facilities to treat proddcevater separated from oil. BTEX

compounds were the main issue for removal andigie BOD and Ammonia content of
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the water caused problems in other onsite treatrailities. The study suggests that
volatilization and biodegradation play key role time hydrocarbon removal process
(Wallace, 2001).

Presently, a wetland system implemented by BriRsiroleum (BP) in Casper,
Wyoming (Wallace and Kadlec, 2005) was the largasii most recent remediation
wetland in the United States. The treatment sydtach to handle up to three million
gallons (3MGD) of gasoline-contaminated groundwatarday (Liner, 2006).

Recently, Atlantic Richfield Company (ARCO), Welik®, New York designed
(summer 2007) wetland for the removal of BTEX ammhicontaminated wastewater
(1000 ni/d) from a former refinery site along the Genes®River (personal
communication from Scott Wallace - my industrialvisdr, ARCO wetland Process
consultant and Executive Vice President of North efican Wetland Engineering
(NAWE)).

The above case studies demonstrate that up-scalitige present research is
feasible. However, constructed wetlands requirgealand which could limit the
application in some area. Furthermore, improvedetstdnding of internal processes for
removal of hydrocarbon (BTEX) in constructed wetlarprovided by this research will
encourage more application of wetland technology@troleum industries. Presently,
there are biases concerning constructed wetlactisdéogy in the petroleum industry as
it is ‘not yet ripe’, no in-depth special study Hasmed a complete system of knowledge
as the critigues suggest3his in-depth research finding could reduce biaaed

limitations of several petroleum industries towaathstructed wetland technology.
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7.8. Limitations of the analysis

Environmental parameters and associated enviromindmterogeneity in this
research have been thoroughly quantified, all 6ant and measured variables have
been considered. Exploratory multivariate analyggdied in this study also proved to be
useful to reveal patterns of the large data sethigistudy. However, it is essential to
reiterate that multivariate statistical proceduraay suggest causes or factors, but
investigators should bear in mind that the synthediriables, axes, or clusters derived do
not necessarily correspond to biological or ecaalgientities in nature (James &
McCulloch, 1990).

One should thus not over interpret the data byirrglypn unjustified causality,
especially in the absence of real experimentatiortheory, it would be necessary to
validate the inferences and models made aboutrpdtienation and putative causes by
analyzing new data, but this is rarely performedprmactice. Moreover, whether the
originally collected data are typical of the sitoatto be described should most of the
time questioned.

Although exploratory analyses may help reveal eggng patterns in data sets as
observed in this study, the interpretation and axglion of the observations ultimately
rely on the researcher’s hypotheses and previoaw/lkdge of the ecological situation.

Researchers themselves need to formulate soundhegss and test them.
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7.9. Summary

The findings in this chapter successfully estalelsithe potential use of SOM and
multiple variable testing techniques as the managend optimization tools to enhance
the understanding of ‘black box’ systems as welleaisice operation costs.

A statistical analysis indicated that the BOD, COIs-N, DO and EC values of the
effluent were positively correlated with the efflidenzene concentrations following the
order COD>DO>EC>N@N>BOD, and negatively correlated according to trder
pH> redox potential (redox)>temperature (T)>turtyidNo strong relationships between
benzene and the variables ortho-phosphate-phospi®@>) and ammonia-nitrogen
(NH4-N) were recorded.

A hierarchical cluster analysis indicated that dtverall indoor wetland performance
was significantly (p<0.05) better than the one foe outdoor wetlands. A positive
correlation between the effluent nitrate-nitrog®O¢-N) and benzene concentrations
suggested that an increase inNOremoval improved benzene removal.

The order of positive and negative correlationsvieenh benzene and other water quality
variables was as follows: chemical oxygen demawlissolved oxygen (DO) > electrical
conductivity (EC) > N@N > five days at 20°C N-allythiourea biochemicadygen
demand, and pH > redox potential (redox) > tempeea(T) > turbidity. No strong
relationships between benzene and both ortho-pladsgdhosphorus and ammonia-
nitrogen were detected.

Finally, cost-effective and easily to measure anlirariables such as DO, EC,
redox, T and pH were chosen for prediction of efflubenzene concentrations with a

multivariable linear regression model. The artdicineural network such as self
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organizing map, correlation coefficients and mualtiable regression results indicated
that these models can be used as a promisingdoatdl time monitoring and prediction
of benzene removal in planted constructed wetlands.

These performances are encouraging and suppogatieatial for future use of
these models as management tools for the day-tgedagess control of constructed

wetlands and other complex biochemical systems.
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Conclusions

8.1. Overall conclusions

Hybrid (experimental vertical-flow with stabilizath pond) experimental
constructed wetland rigs were used to examineriatgorocesses and effectiveness of
wetlands in treating aromatic hydrocarbon. Furtlerenthe artificial neural network and
multivariable regression techniques were applied dperation, optimization and
management of constructed wetlands and related leanippochemical processes. The
overall results show that the hybrid wetlands oferan both environmental controlled
laboratory and outdoors are highly efficient foe ttneatment of hydrocarbon and other
water quality variables.

The key conclusions resulting from this study anaarized as follows:

(1) Intermittently flooded vertical-flow constructe wetlands treat petroleum
hydrocarbons effectively in the presence of sugficifertilizer, which provides nitrate as
an alternative electron acceptor during anaeroldogs of full inundation. The

successful removal of the aromatic hydrocarbon @hér pollutants makes constructed
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treatment wetland very attractive and sustainabtdrtology capable of meeting zero
discharge goal in the production, storage, refirmg transportation sectors of the oil

and gas industry (Chapters 4, 5 and 6) .

(2) The result of feasibility of improving (optinagon) the performance of the
hydrocarbon removal efficiency in constructed wedka by increasing nutrient dosage
investigated suggests that high rates of hydrocatteatment were indirectly linked with
addition of an adequate dosage of fertilizer to tomstructed wetlands. Too high
fertilizer (30g/2wks of fertilizer for 1g of benzenhdosages were not associated with
beneficial water treatment. The study proposednmgdtidesign and operation guidelines
for the use of fertilizers in the treatment of hyckrbon (8g of the well balanced slow-
releasing N-P-K Miracle-Gro fertilizer every secomgek to be the optimum dosage

required for the treatment of 1g/l of benzene) (@ées 5 and 6) .

(3) The results of investigations on variables Bodndary conditions impacting on the
operation and treatment performance (e.g. temperatnacrophytes and aggregates)
were as follows:

The observed results show that benzene treatmeweriical-flow constructed
wetlands did not always respond to temperature ggmnThough temperature as a
control variable was important because it influehttee concentration of benzene within
the liquid phase, mobile (volatile) phase and thte rof microbial degradation, but
generally overall suitable operating conditions eveequired. The results of the study

also suggest that temperature though do not alwayespond to removal efficiency
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trends but likely a significant control parameter fetlands treating hydrocarbons.
Phragmites australigloes not play a significant role in removing hyzndons.
The results (tested with ANOVA) show that plantedtlands were not significantly
better than unplanted ones in terms of benzenev&mbhis is likely to be linked to the
very high corresponding inflow concentrations andfigent nutrient availability.
However, macrophytes played indirect role in thelrbgarbon removal by providing
good filtration conditions, preventing the wetlarfdsm clogging and providing surface
for attachment of microbes. Filter media also pthyedirect role in the hydrocarbon

removal.

(4) The results of investigations on role of enmimental factors and seasonal variability
on hydrocarbon were as follows:

The removal efficiencies for hydrocarbon in treatineetlands operated in an
environmental-controlled room are considerably #ighhan those efficiencies of
corresponding systems operated outdoors. The re$utticrobes’ examination show
more hydrocarbon degrading microbes in the ind@pwhich could be associated with
improved removal efficiencies observed in indooremped rig. This result also
showcases the role of suitable environment for obies responsible for degradation of
hydrocarbon. This indicates that there is disterotironment for the microbes (as shown
in the microbes HPC results in chapter 4) or sealsomanges required in conjunction
with hydraulic retention time, temperature, disgol\oxygen, pH and nutrient enrichment
to stimulate microorganisms to biodegrade hydramarbn constructed wetlands.

However, the study in turn demonstrates that thergof hydrocarbon biodegradation in
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constructed wetlands is critically dependent ugandreation of optimal environmental
conditions to stimulate biodegradative activity.

The result of exclusive investigation on the seabanternal interactions of
benzene with other individual water quality varedlin the constructed wetlands
suggests the following conclusions:

The benzene removal efficiency was high (97-1004)ing the first year of
operation without visible seasonal variations. Tuggests that the intermittently flooded
vertical-flow constructed wetlands could be wellapttd to the highly variable
environmental conditions. However, seasonal vditgbin benzene removal was
apparent after spring 2006. The highest benzenevanefficiency noted in spring and
not in summer as expected indicates that the benmanoval did not solely depend on
temperature (support finding conclusion number évalp No seasonal variability was

detected in the effluent NN, NOs-N and PG® concentrations.

(5) The result of additional study suggests thdatl@ation and biodegradation are

major hydrocarbon removal mechanisms in the cocstduwetlands.

(6) The monitored water quality variables show Higant cumulative impact

(hydrocarbon accumulations, stores and fluxes)catsal with long time operation of
experimental constructed wetlands treating hydtmmas. This claim is visible on the
results from second year of operation which shdwsrémoval efficiencies subsequently
reduced as hydrocarbon and its degradation prodsteided to accumulate in the

wetlands.
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(7) The results of techniques and tools (Artifidkdural Network (SOM), Multivariable
regression and hierarchical cluster analysis) destnated that these tools could be used
for operation, optimization and management of coiesed wetlands treating
hydrocarbon, and could be applied to related compliechemical processes. These
tools were successfully used to assess variabl@édanndary conditions impacting on
the operation and treatment performance (e.g. teatype, macrophytes and aggregates);
and the efficiency of different filter set-ups iemoving benzene, chemical oxygen
demand, biochemical oxygen demand and nutrients.

SOM clearly visualized the relationship betweenZese and other water quality
variables. These findings successfully establighedhotential use of SOM and multiple
variable testing techniques as the management phohipation tools to enhance the
understanding of ‘black box’ systems as well asicedoperation costs.

Furthermore, the artificial neural network (SOMyrmlation coefficients and
multivariable regression results indicated thaséhenodels can be used as a promising
tool for real time monitoring and prediction of mgdarbon (benzene) removal in planted
constructed wetlands. These also improved undelisignof the physical and
biochemical processes within vertical-flow consteacwetlands, particularly of the role
of the different constituents of the constructedtlavels in removal of hydrocarbon.
These techniques helped to provide answers tonatigesearch questions such as: What
does the job? Physical design, filter media, m&tytgs or micro-organisms?

These performances are encouraging and suppompdfeatial for future use of these

models as management tools for the day-to-day psocentrol of constructed wetlands
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and other complex biochemical systems (Chapter 7).

(8) The lessons learnt from the research cuts sa@sous fields and were too numerous
to mention but it is important to point out that:

The study provided various transferable skills esdy in engineering design, process
and operational control, environmental managemerd water quality (including
microbiological) examinations. These skills werg¢enf demonstrated and shared with
numerous visiting researchers from various partshef world and final year project
students that were part of the research team mtugastages.

Finally, the study advanced our scientific knowledgs we gained a greater
understanding of the governing processes (intero@mnponents, responses and
interactions) that could be applied by the engimgecommunity (especially those in
petroleum industry) for optimum project design, mgen and maintenance of
constructed wetlands treating hydrocarbon in comtated environments. Moreover, the
study provides necessary information that will beeful to a wide range of users,

regulators, various industries, consultants, re$ess, and students.

8.2. Recommendations for future work

(1) While this project has demonstrated the posérftor future use of constructed
wetlands for treatment of hydrocarbon, there islavious need for numerical process
modeling to predict removal rate in the field scalenstructed wetlands treating

hydrocarbon. This is strongly suggested for furstadies.
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(2) Findings indicate that both biodegradation awthtilization support hydrocarbon
treatment in constructed wetlands. Further resegincluld focus on the specification of
biodegradation products and quantification of thepprtion of hydrocarbons being lost
through volatilization to the atmosphere under wagytemperatures and other

environmental conditions in field-scale construdieétment wetlands.

(3) The causes of potential treatment efficiencglide of hydrocarbon removal during
long-term experimental studies need to be assdagh@r more preferably in field scale
wetlands for about eight years. The use of a nstétite or integrated wetland system for
benzene treatment is suggested as a better optadncould address the decrease in
treatment efficiency observed based on the use sihgle constructed wetland from

engineering point of view.

(4) Comprehensive field scale microbiological exaation such as the microbial
population dynamics is also recommended to quatitéymicrobiological potential in
comparison to physical and chemical processesnataacted wetland. The establishment
of healthy plant, hydrocarbon and microbial foodiometwork in the large scale

constructed wetlands need to be investigated.
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Appendix B

SOM in original colour:

Figure 7-2. Self-Organizing Map visualizing relaiship between effluent Benzene
concentrations in indoor and outdoor wetlands. Wriman top left, then component
planes. The seven figures are linked by positiereach figure, the hexagon in a certain

position corresponds to the same map unit.

201



Figure 7-3. Self-Organizing Map visualizing relaiship between effluent water quality

variables and effluent Benzene concentrations ittewe 1 indoor.
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Figure 7-4. Self-Organizing Map showing relatiopshetween effluent water quality

variables and Benzene concentrations in wetlanagtdoor.
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