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Phosphorus and nitrogen in waste water from sewerage systems contribute to excessive nutrient
enrichment of surface waters, presenting a threat to nature conservation, domestic and industrial
water supplies, and recreation. The general objective of this research was to investigate phosphate
and ammonium removal from waste water by constructed wetland systems (CWS), which are
increasingly being used for low-cost water treatment.
Phosphate (P) adsorption capacity and other properties of potential CWS substrate materials
(bauxite, shale, burnt oil shale, limestone, zeolite, light expanded clay aggregates (LECA) and fly
ash) were investigated. Fly ash and shale had the highest P adsorption values, which were
significantly correlated with porosity and hydraulic conductivity. Longer - term experiments with
shale and bauxite gave maximum P uptake values of 730 and 355 mg P kg- I, respectively.
Phragmites australis (common reed) seedlings grew satisfactorily in shale, bauxite, LECA and fly
ash. Shale was selected as the most suitable substrate, and used in a pilot-scale CWS in plastic tanks
in a greenhouse, with and without P. australis, at two input nutrient concentrations and a loading
rate of 0.02 m 3 m- 2 d- 1. Both planted and unplanted systems removed 98 - I 00 o/o of P from a
synthetic sewage over ll months. Removal of ammonium N was also complete in the planted tanks,
but only 40 - 75 °/o was removed in the unplanted ones. Corresponding nitrate N removal was 85 95% and 45 - 75%. The systems performed as well at high as at low concentration for both
phosphate and ammonium. The variations in P and N removal could not be attributed to differences
in pH, Eh and temperature, which did not differ significantly between planted and unplanted tanks.
During the experiment, P and N concentrations were determined at 3 depths and 4 positions along the
length of the tanks. H 2P04- - P and NH/ - N concentrations were low (< I. 0 g m- 3) at all locations in
the planted systems, whereas the P concentrations were sometimes twice as high in the unplanted
ones. NH4 +-N in the unplanted systems was relatively high (l 0 - 30 g m" 3) throughout the
experiment. N03--N concentrations were very low by comparison. P. precipitation on shale and P.
australis root and rhizome surfaces was examined by X-ray fluorescence analysis, and by chemical
extraction with ammonium acetate, 0.1 M HCI and 2%> citric acid. This showed that P, Fe and Al had
precipitated on all these surfaces. However. it was not possible to quantify the surface deposits, and
further research is necessarY.
The hydraulic residence time. flow characteristics and permeability of the shale was investigated by
a bromide tracer. The tracer breakthrough curves showed a similar pattern in all tanks, with ca 66%
of the flow occurring through the bottom zone. However, the actual hydraulic residence time (6 days)
was slightly higher than the theoretical one Although there was a significant difference (p < 0.02)
between the distribution of flow in planted and unplanted tanks. there was no reduction in the
reactive pore volume observed in any of the tanks. This confirmed that shale has good permeability
properties.
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Monitoring of the full-scale systems was carried out during June - September 1995. Although P
removal in a planted bed was between 50-75o/o, the overall pcrfonnancc of the full-scale systems was
disappointing, especially for ammonium removal. This was attributed to high loading rates, visibly
non-uniform flow and clogged gabions. A bromide tracer study carried out on these systems
confirmed the short hydraulic retention times and heterogeneous flow mechanisms in both the
unplanted and planted systems.
Results obtained from the pilot scale study do not necessarily provide a quantitative prediction of the
performance of larger-scale systems. However, the potential value of a shale-based system has been
demonstrated, and this opens a new direction in the design of cws~ most systems built to date in the
UK usc gravel as a substrate. Shale has proved to have superior properties for P removal and is
cheap and readily available in Scotland. Its application as a substrate in a full-scale system remains
a subject for further investigation.
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When things go wrong as they sometimes will
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Chapter 1: Introduction and literature review
1.1

Background

Prior to 1800, the deterioration of water quality caused by pollution was not a general
problem because human populations were small and most people lived in scattered
rural communities. Therefore, the natural self-purification properties of rivers could
cope with the wastes dumped into them (Mason, 1991 ).

Water pollution became a severe problem with industrialization, coupled with the
rapid acceleration in population growth. As a result, domestic, industrial and
agricultural users produced large quantities of waste products, and waterways
provided a cheap and effective way of disposing of many of these. This led to

eutrophication, which can be defined as the enrichment of waters by nutrients, mainly
phosphorus and nitrogen (Harper, 1995). Of the two, phosphorus is more often ratelimiting for algal growth in fresh water, and an influx from anthropogenic sources,
e.g. waste water, can create such problems as algal 'blooms', resulting in a
deterioration of water quality and the depletion of dissolved oxygen, which in some
cases can cause the death offish (Yeoman eta!.,

1988~

Horan, 1990).

As a result of these environmental problems, nutrient removal from wastewater, in
order to reduce eutrophication in inland waters, estuaries and seas, became a concern
in water management initially in Scandinavian countries and the United States and
then spreading worldwide. This led to the establishment in 199 I of the European
Community Urban Wastewater Directive (UWWD) which has set nitrogen and
phosphorus standards for 'sensitive areas' (Table 1. 1), to be implemented throughout
the Community by January 1999. '.\'ensitive area.\·' are defined as natural freshwater
lakes, estuaries or coastal waters, which are, or may become eutrophic, or surface
waters used for the abstraction of drinking water which may potentially contain more
than the 50 mg nitrate

r 1 which

constitute the limit set by European Community.

Wilson et a/ (1996) stated that for works discharging into such waters, and serving

over 10,000 pe ('population equivalent'), effiuents must comply with the values for
concentration or percentage reduction of total P and/or total N given in Table 1.1. A
sum of £I 0-20 billion has been cited as the cost to the UK industry of compliance
with the European Directive (UWWD), a significant proportion of which would
inevitably be for sewage treatment (House of Lords, I 99 I).

Table 1.1: Nutrient limits required by the UWWD for discharge into nvers m
sensitive areas
Nutrient
Total phosphorus

Population
equivalent (a)
I 0 000 - I 00 000

Concentration
(mgl-1)
2

Minimum percentage
reduction (b)
80

> 100 000

Total nitrogen

80

I 0 000 - 100 000

15

70- 80

> 100 000

10

70- 80

(a) BOD from industrial effluents may be converted into 'population equivalents' units, using
a value of 60 g of BOD per capita per day as the standard value (Rowe and Abdel-Magid,
1995).

(b) reduction in relation to the load of the influent

1.1.2

Sewage and basic treatment processes

Sewage is a dilute mixture of domestic waste, industrial (trade) waste, infiltration
from the subsoil, and to a greater or lesser extent, runoff of surface water (Haworth,
1984). Its composition is extremely complex and varies considerably depending on the
amount of water used per head of population, the degree of infiltration of subsoil
water and the nature and proportion of trade effiuents present.

The main objective of sewage treatment is to reduce the strength (concentration of
pollutants) to a sufficient degree to allow safe discharge into natural waters without
causing a nuisance or offence (Mason, 1991 ). For practical purposes, the impurities
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can be divided into three groups: i) substances suspended in the liquid~ ii) substances
dissolved in the liquid and iii) extremely fine, colloidal substances (The Institute of
Sewage Purification, 1960).

There are four different stages which may be used in the treatment of sewage,
depending on the quality of the effluent required: i) Prelimina1y treatment involves
screening for large particles, maceration and removal of grit and the separation of
storm flows; ii) Primary treatment (\·edimentation) is the process where the
suspended solids are separated out as a sludge; iii) Secondary treatment is the process
where

dissolved

and

microorganisms~ and iv)

colloidal

substances

are oxidised

in

the

presence

of

Tertiary treatment (often referred to as 'polishing') is used

when a very high quality effluent is required. It may involve further reduction in
biological oxygen demand (BOD), suspended solids (SS), bacteria, specific toxic
compounds or nutrients (Mason, 1991 ).

However, the type of treatment to be used for wastewater purification will depend on
the objectives for the quality of the receiving water and the amount of dilution which
is available for that water. For example, preliminary treatment only may be given for
effluents being discharged in the sea, whereas tertiary treatment may be required if
water is needed for potable supply downstream of a discharge. In addition, nutrient
removal

is usually achieved in tertiary (advanced) wastewater treatment. In the

following sub-sections, a brief overview of the conventional systems for removal of
nutrients is presented, followed by an outline of alternative, emergent macrophytebased (constructed wetland) systems for treating the wastewater from small
communities.

1.2

Phosphorus ren1oval in conventional systems

1.2.1

Forms of phosphorus

The common forms of phosphorus in wastewater are orthophosphate (P043-),
polyphosphates (polymers of phosphoric acid) and organically bound phosphates. The
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latter two forms gradually hydrolyse in water to the soluble ortho form (Hammer,
1986) and, therefore, it could be said that orthophosphate presents the principal form
of phosphorus in wastewater (Horan, 1990; McEldowney et a/., 1993). The major
sources of phosphorus (P) in domestic wastewaters are from human excreta (typically
50 - 65 °/o of the total P) and synthetic detergents (30 - 50 °/o), with a typical P
concentration of 10 - 30 mg 1-1 (Horan, 1990).

1.2.2

Phosphorus removal

The two basic phosphorus removal processes are chemical removal and biological
removal (Cooper et af., 1994). Chemical P removal is based on the addition of metal
salt or lime to the wastewater, causing precipitation of insoluble phosphate which
settles in the sedimentation tank (IWEM, 1994; Cooper eta/., 1994; Harper, 1995).
The most common metals used are iron (either ferric, Fe3+, or ferrous, Fe2+),
aluminium (AI 3+) and calcium (Ca 2+). The salts that are most frequently employed
are ferric chloride (FeCI3), ferric sulphate (Fe2(S04)3), ferrous chloride (FeCl2),
ferrous sulphate (FeS04), alum (Al2(S04)3·18 H20 and lime (Ca(OH)2) (Ramalho,
1977). The reactions take place as follows:

Fe3+ + P043- ~ Fe P04
AJ3+ + P0 43- ~ AI P04

J.
J.

3Ca2+ + 2P043- ~ Ca3 (P04)2 -l-

Waste pickle liquor from the steel industry (a mixture of ferrous sulphate and ferrous
chloride) may also be used, but it requires pH adjustment with sodium hydroxide or
lime (Hammer, 1986). Lime has been used less frequently, compared with metal salts,
because of the substantial increase in the mass of sludge due to the simultaneous
production of calcium carbonate (Cooper eta/., 1994 ). The precipitants can be added
at any stage of the sewage treatment process: prior to primary sedimentation (preprecipitation), to the aeration tank during the activated sludge stage (co-precipitation)
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or during the clarification process (post-precipitation) (Horan, 1992; Tchobanoglous
and Burton, 1991) (Figure 1.1, below):

Pre- precipitation

Co- precipitation

Primary
clarifier

Post - precipitation

:Additional ~
clarifier . .

Secondary
clarifier

/\era tor

-··-·>

Figure 1.1: Alternative precipitation operations for phosphorus removal. Source:
Ramalho ( 1977).
The chemical application rates are influenced by the engmeenng design, which
includes mixing, flocculation and sedimentation characteristics, contact time, sludge
age,

residence time and

recycling ratio.

They also

depend

on wastewater

characteristics (influent P concentrations, pH, total organic carbon, temperature),
flow rate, hydraulic loading and the chemical used (Yeoman et a/., 1988). The choice
of chemical used can be affected by several factors, the most important being pH,
because it affects the ability of the sludge to settle. Precipitation of ferric phosphate is
optimal at pH 5 0, of aluminium phosphate at pH 6.0, and of calcium phosphate at pH
9 and above (IWEM, 1994). Removal efficiencies commonly achieved are 90 %with
Fe3+ (dosage I 0 mg J-1 ), up to 95 '% with AJ3+ (dosage 200 to 250 mg I-1) and
approximately 80 ~/o using Ca2+ at a dosage of 700 mg 1-1 (Ramalho, 1977). The
relative merits of different processes and chemicals have been reviewed by Yeo man et

a/. ( 1988) and Balmer and Hultman ( 1988).
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Biological removal processes rely on the phenomenon of 'luxury uptake' of
phosphorus, which occurs when activated sludge undergoes a period of anaerobiosis
followed by aeration (Horan, 1992). The components of an activated sludge plant are
the aeration tanks in which the biological oxidation takes place, the settling tanks for
the recovery of the activated sludge, and the system of pipes and pumps to return the
activated sludge to the inlet end of the aeration tank (White, 1978) (Figure 1.2).

Aerobic (aeration tank)

Return sludge

Figure 1.2 : Activated sludge system for biological phosphorus removal. Source:
Stensel ( 1991 ).
Under anaerobic conditions sludge microorganisms which are deprived of both
oxygen and nitrate excrete short chain fatty acids (formate, acetate, butyrate), which
are then taken up by the bacteria of the genus Acinetobacter, which use them to
synthesise an intracellular polymer, poly-~- hydroxybutyrate (phb ). This process
requires energy which is obtained from the breakdown of the another intracellular
polymer, polyphosphate. This reaction is associated with the release of phosphate into
mixed liquor (solution). When Acinetobacter is exposed to aerobic conditions, the
reverse reactions occur: phb is being degraded to produce energy which is then used
to take up phosphate from the solution and synthesise polyphosphate. The phosphate
taken up aerobically is in excess of that removed anaerobically and consequently
phosphate is removed from the wastewater as a phosphate-rich sludge (Horan,

1990~

IWEM, 1994 ). There is a variety of reactor configurations based on anaerobic and
aerobic reactors with internal recirculation of reactor contents and recycling of
returned sludge to the anaerobic zone. Biological removal processes in which P is
removed in the sludge are referred to as 'mainstream processes' and they are capable
of achieving P effiuent concentrations of 0.5 mg I-1 (Horan, 1992).
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Biological P removal can also be achieved in stabilization ponds. In these systems,
oxygen is provided by natural surface aeration and algae during photosynthesis.
Oxygen released is then utilized by bacteria for aerobic degradation of organic matter.
Stabilization ponds can yield relatively high P and N removal, provided that light and
temperature conditions are favourable to the growth of algae. During the summer,
removal of about 80o/o can be obtained, but during winter the efficiency of the systems
can drop to only 20o/o or less (Ramalho, 1977).

If the combination of biological and chemical processes is used, the phosphate-rich
supernatant is dosed with lime to precipitate phosphate. The phosphate-depleted
sludge can then be returned to the aerobic reactor where it is exposed to the luxury
uptake of P once again. This option is known as the Phostrip process and represents
an example of a 'sidestream process' (Tetreault eta!.,

1.3

Nitrogen removal in conventional systems

1.3.1

Forms of nitrogen

1986~

Sedlak, 1991 ).

Domestic wastewater contains nitrogen, either organically bound as protein and
nucleic acids, as urea or as the ammonium ion (NH4 +), with nitrites and nitrates rarely
being present (Horan, 1990). Ramalho ( 1977) suggested that NH4 +-nitrogen
represents 50-60%, organic nitrogen 40-60°/o and nitrites and nitrates 0-5o/o, while
Culp et a/. ( 1978) stated that 90% of the nitrogen content of raw domestic
wastewater is commonly in the form of ammonia or compounds from which it is
readily formed. The total nitrogen content of wastewater is often referred to as the
Total Kjeldahl Nitrogen (TKN), according to the technique by which it is determined.
However, it is important to emphasise that TKN measurement gives the amount of
organic N plus ammonium N, but excludes most of the nitrate-N which is lost during
digestion (Rowell, 1994 ). If it is desirable to include nitrate - N the modified salicylicsulphuric acid procedure is used (Bremner, 1965). The major source (80o/o) of TKN is
urine from households (Laak, 1986).
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1.3.2

Nitrogen removal

Nitrogen may be removed by either chemical (ammonia stripping, selective ion
exchange) or biological means (Cooper eta/., 1994). Ammonia stripping is a process
which consists of adjusting the pH of the wastewater to a value above 10 (usually
using lime), followed by air stripping of the ammonia in a stripping tower (at pH > 10
nitrogen is present as NH3) and then exposing it to granular activated carbon to
adsorb dissolved organics (Ramalho, 1977). Selective ion exchange can be
accomplished by passing the wastewater through the bed of the ion-exchanger which
exhibits a high selectivity for the ammonium ion over other cations commonly present
in wastewater (Sedlak, 1991). According to Tchobalogonous and Burton (1991),
clinoptilolite, a naturally occuring zeolite, is one of the most suitable natural ion
exchangers.

Biological removal of nitrogen involves three basic processes: i) .\ynthesis incorporation of nitrogen into the microbial mass as a result of cell

growth~

ii)

nitrification - conversion of the ammonia and organic nitrogen to nitrate through
oxidation by nitrifying

organisms~

iii) denitrification - conversion of the nitrate to

nitrogen gas by denitrifying organisms (Horan, 1990; Hammer, 1986). The latter two
processes are described in detail in Sections 1. 7. 5. 3 and 1. 7. 5.4. All the various
biological removal systems which are currently available use these processes. The
methods of their incorporation into wastewater treatment are illustrated in Figure 1. 3.
They may be grouped according to the method of denitrification: i) denitrification in a
separate unit process, referred to as 'separate stage denitrification' (Figure 1. 3. a and
b); ii) combined carbon oxidation, nitrification and denitrification, which is referred to
as the 'single-sludge' process ( 1.3 .c). A similar approach is used to accomplish
nitrification. Separate stage nitrification (Figure 1.3 .a) involves the use of two
biological processes in series, whereby the first one removes carbonaceous biological
oxygen demand (BOD) and the second one is used to nitrify the low BOD effluent
from the first process. When a combined carbon oxidation and nitrification system is
used ('two-stage' or 'two-sludge' process), the first stage accomplishes BOD removal
and nitrification, while the second stage denitrifies the nitrate nitrogen contained in the
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effluent after the first stage. Therefore, in either of these processes, denitrification

takes place in a separate unit process following carbonaceous BOD removal and
nitrification (Sedlak, I 99 I).

The selection of nitrogen removal by conventional systems, their cost effectiveness
and the potential environmental impacts which must be taken into consideration are
discussed by Culp et a/. (I 978) and more recently by Tchobalogonous and Burton
(I991).

(a)
Carbon
Oxidation

------7

Nitrification

Dcnitritlcation

(b)
Carbon Oxidation
and Nitrification

Denitrification

(c)
Carbon Oxidation,
Nitrification,
and Dentrification

Figure 1.3:

Three major approaches to biological nitrogen removal: (a) Separate Stage
Carbon Oxidation, Nitrification, Denitrification; (b) Combined Carbon Oxidation and
Nitrification, Separate Stage Denitrification: (c) Combined Carbon Oxidation, Nitrification
and Denitrification. Source: Daigger and Polson (1991 ).

1.4

Disadvantages of conventional treatment systems for P and N removal

The common feature of conventional systems for P and N removal is that waste water
is treated rapidly in highly managed, energy-intensive environments with short
residence times. The systems are also expensive and require some degree of expertise
to operate. For example, the proper functioning of the chemical treatment systems
depends on the regular supply of chemicals and their correct dosage. In addition, they

9

are sensitive to the supply of energy because of the dosing pumps and have to cope
with the disposal of large volumes of sludge (Horan, 1992). Biological treatment
systems require less control of the equipment than chemical ones. On the other hand,
maintaining the biological process itself may be more difficult, especially for activated
sludge units where the separation of sludge represents the critical part (Winkler,
1981 ). Although the activated sludge units are often regarded as having a relatively
low initial cost and a low requirement for land, they demand a substantial power
supply and can be a source of noise and aerosol sprays (Lowe, 1990).

Furthermore, because of their operational costs, size and structural configuration,
conventional systems for P and N removal are not an applicable option for wastewater
treatment in small communities (Tchobanoglous and Burton, 1991; Somlyody, 1994).

1.5.

Wastewater treatment needs for small communities

A small community is defined as one with an upper population limit of 2,000 (WHO,
1985). Such communities often have limited technical resources and therefore a low
level of facilities in both water supply and sanitation systems. They may contain
polluting agricultural processing activities or even small-scale industrial activities.
Because of their size, small communities are exposed to a variety of problems that
make the provision of wastewater treatment facilities very difficult. According to
Tchobanoglous and Burton ( 1991 ), the principal problems are stringent discharge
requirements which are the same for both large and small communities. This puts
small communities under big economic constraints in the form of high per capita
costs, caused in part by the population often being widely spread and difficult to
access. In addition, small communities usually have limited finances available, due to
lower household incomes and residential tax base and in most cases the treatment
techniques are too complex for the educational level of the operators.

Therefore it is of the utmost importance to develop effective low-maintenance
wastewater treatment for small communities. According to Lo\ve ( 1990) the
following features are desirable, and some are essential: reliable and effective sewage
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treatment to the desired standard throughout the year~ no power requirement~
minimum maintenance which, when needed, to be undertaken by unskilled operators;
the production of as little sludge as possible; attractive appearance; no environmental
nuisance such as noise, odour or insects; the ability to cope with daily as well as
yearly fluctuations of flow.

A lot of work has been undertaken during the past two decades to develop
alternatives to conventional systems which place the minimum environmental and
economic pressure on small communities. Most of these are based on natural
ecosystems, regarded as 'low technology' wastewater treatments.

1.6

Wetlands

The capability of wetlands for the disposal and renovation of wastewater has been
demonstrated in a variety of natural wetland types across the United States as well as
in western Europe (Best, 1985; Reed and Bastian, 1987; Hammer, 1989). According
to Chan et a!. ( 1981 ), there are four main functions of wetlands which make them
potentially attractive for wastewater treatment: dispersion of surface waters over a
large area; physical sorption of pollutants onto surface areas of the wetland soils and
organic litter; uptake and metabolic utilisation by plants; transformation and utilisation
of the elements by micro-organisms.

However, although reports on the effectiveness of wetlands for removing P and N
have been encouraging, many questions about their sorption capacity, uptake rates
and long term efficiency remam unanswered (Richardson and Nichols, 1985).
Furthermore, the extreme variety of characteristics of natural wetlands and the
difficulty of understanding or predicting pollutant removal processes initiated the
development of constructed wetlands (Richardson and Davis, 1987; Hantzsche,
1985).
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1. 7

Constructed wetland systems

l. 7.1

Definition and historical background

Several different terms have been used among wetland scientists and in the literature
to describe constructed wetland systems. Hammer ( 1992) defined constructed

lvetlands· as wetlands which are intentionally created from non-wetland sites merely
for wastewater or stormwater treatment, whereas created wetlands· are formed from
non-wetland sites aiming to produce or replace natural habitats. Until the late 1980s
the term art{ficial wetlands· was used in the literature but according to Brix ( 1994 a)
the term constructed wetland\· is preferred by most wetland scientists today.

The historical development of the use of constructed wetland systems (CWS) for
water purification worldwide has been reviewed by Brix ( 1994 a). The early works by
Seidel ( 1966) inspired Kickuth ( 1977~ 1982) to develop the concept of the 'RootZone Method' (German: Wurzelraumentsorgung). A root-zone design is basically a
constructed wetland with subsurface horizontal flow (see section 1. 7.2). It consists of
a rectangular bed containing emergent vegetation, usually reeds (Phragmites

australis) growing in soil (Brix,

1987~

1994 b). Kickuth ( 1982) claimed that the

wastewater would penetrate through the soil and no surface runoff will occur.
However, performance expectations for a root-zone design have not been attained,
mainly because Kickuth ( 1977) predicted an increase in soil permeability with time
(Brix and Scierup, 1989). In addition, the capacity of reeds to transfer oxygen to the
rhizosphere is considered to be much less than claimed by Kickuth (Brix, 1993). (See
Section 1.7.5 5).

The idea of the root-zone design was followed by extensive examination of both preexisting natural wetlands and systems specially constructed for wastewater treatment
for their purification performance (Hammer,

1989~

Cooper and Findlater,

1990~

Etnier

and Guterstam, 1991; Moshiri, 1993 ). A typical arrangement of a CWS is presented in
Figure 1.4. It consists of a basin, sealed to prevent percolation of effluent to the
underlying soil and groundwater, and containing a bed matrix in \Vhich a stand of
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aquatic plants is grown (Findlater, Hobson and Cooper, 1990). The objective of the
engineering bed is to reduce greatly the concentration of pollutants during the passage
of the efiluent water through the bed. The major system components believed to
function in the wastewater treatment processes are the soil (or other medium), the
vegetation and the rhizosphere organisms.

l't-.ra:-:!r·t!c:!'O

lrdct slam:
dimibuto.lr

"''p!h,,i

llllf':f\ IOU.~ Jjn~:r

l.il.'<: t)h ;n

Figure 1.4: Cross-sectional area of a typical constructed wetland system. Source: Cooper
(1993).

1. 7.2

Types of constructed wetland systems

There are three basic types of constructed wetlands according to the life form of the
dominating macrophyte in the wetland (Brix and Schierup,

1989~

Brix, 1991; Brix,

1993):

i) Free-floating macrophyte-hased .\ystem.\' (Species: water hyacinth, Eichhornia

crassipes, and duckweed, l.emna .\p.) can provide nutrient removal and upgrade the
performance of conventional stabilisation ponds, mainly through incorporation into their
biomass. They have been successfully applied in the tropics and subtropics, and their
design, performance and operation has been reviewed by Brix ( 1993)

ii)

SuhmerRed macrophyte-hased .\ystems (Species:

I:geria

densa,

Elodea

canadensis) can be used as a final polishing step after primary and secondary
treatment because the plants can only grow well in oxygenated water and therefore
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the system cannot be used for the treatment of wastewater with a high content of
biodegradable organic matter (Gumbricht, 1993; Brix, 1993 ).

iii) J~'merKent macrophyte-hased .systems (Species: common reed, Phragmites
australis; cattail, lj;pha lat(folia; bulrush, Scilpus lacustris; iris, Iris pseudacorus):

there are three kinds, each with a different flow regime: free sza.face flow, subsurface
horizontalflow and vertical (non saturated) flow (Figure 1. 5).

(aJ Emergent miJcrophyttl treatment system with
flow

surltJc~

(b) Emergent macrophyte treatment system with honzontal
subsurface flow

tcJ Emergtmt macrophyte treatment systt~m with vertical
subsurface flow (percolation}

Figure 1.5: Schematic representation of emergent macrophyte - based wastewater treatment
systems. Source: Bri:x ( 1993).
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Free Surface Flow Systems (FWS) are flooded, the water surface is exposed to the
atmosphere and the effiuent flows at a relatively shallow depth. They are
predominantly used in North America, characterised by large surface areas and low
hydraulic loading (water flow rate divided by the wetland area) (Knight eta/., 1993 ).
The Vertical Flow Systems (VF) design often consists of several beds laid in parallel,
with wastewater usually applied at time intervals similar to those used with
intermittent sand filters, and allowed to percolate through the medium (Brix, 1994 b).
It is believed that intermittent loading provides oxidising and reducing conditions
necessary to enhance nitrogen and phosphorus removal (Hill and Sawhney, 1981 ).
The number of systems constructed with this type of design in Europe is increasing,
but information on systems performance remains sparse (Brix, 1993 ).

With Subsurface Water Flow (SWF) systems the water level is maintained less than 5
em below the surface (Forum, 1995). They are predominantly designed using the
Root-Zone Method (section 1.7.1 ). Several hundred examples have been constructed
- it is the predominant design in Europe and the system researched in this thesis.

1. 7.3

Hydraulic design considerations

Because of the urgent need for data and information on the systems' performance,
most of the studies to date have focused on actual measurements of what was coming
into and out of the constructed systems. Theoretical pollutant removal models have
been developed by several authors (Hammer and Knight, 1994; Kadlec, 1995; Reed et
a/., 1995; Bavor et a/., 1995, Kadlec and Knight, 1996). Their form involves an

exponential decrease in pollutant concentrations. The model can be expressed as
follows:
q dC

= -k (C-C*)

( 1)

dx

\vhere
q

3

hydraulic loading rate defined as the ratio of the inflow ((2, m d2

surface area (A, m

);

1
)

x = fraction of distance from inlet to outlet; C = pollutant
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and the

concentration of the system (g m-

3
);

c* = background pollutant concentration (g m- 3);

k = first order area-based reduction rate constant (m d- 1).

Integrating Eq. ( 1) over the length of the wetland gives the equation:

Cx-C* _
(. ,.- (,*.I

"

-klq

(2)

e

where

Ci =inlet pollutant concentration of the system (g m- 3); Cx =pollutant concentration
of the system at fractional distance x from inlet to outlet (g m- 3).

An alternative approach, based on the concept of water retention time has been
formulated by Kadlec and Knight ( 1996):

Cx-C*
-kvTx
Ci-C*=e

(3)

where k,, = first order volumetric reduction rate constant ( d- 1); x = fractional distance
through the wetland; T = retention time (days).

Hydraulic retention time ('l) represents an important design and operational parameter
for optimising performance of a wetland system with typical values ranging from 5 to
14 days for free water surface and 2 to 7 days for subsurface flow systems (Knight,
1994; Wood, 1995). In UK systems, the surface area required for secondary sewage
treatment is usually 5 m2 per population equivalent (pe) though it was estimated that
it could be reduced to 1 m2 pe-l for tertiary treatment (Cooper and Green, 1995).
The configuration of the systems should be such that it minimises channelling and
short-circuiting and maximises contact between the wastewater and the substrate. In
this regard, aspect ratio (length to width) plays an important role (Steiner and
Freeman, 1989). While early designs were based on larger aspect ratios (4: 1 to 10:1)
because of familiarity with plug flow reactors and a lack of kinetic design information,

16

it is now thought that aspect ratios of 1: 1 are more appropriate because they offer
reduced construction costs and improved hydraulic control (Tchobanoglous, 1993~
Buchberger and Shaw, 1995). Porosities of the systems usually range from 30 % for
coarse gravels to 45 °/o for clay and silt (although in the later, the permeability is very
low) (Watson eta/, 1989; Reed, 1992). Most UK and European subsurface systems
are built to a depth of 0.6 m at the inlet, with the outlet being slightly deeper to fit the
slope (Cooper et a/., 1996). This choice is established because it is believed that
beyond 0. 6 m plant roots start to weaken, while shallower systems may suffer from
freezing (Cooper eta/. 1989).

Flow through fully saturated, fine-grained soils, sands and gravel is defined by Darcy's
law:

Q = k A 11h!M
where

Q = flow of the system (m3 d-1 ); k

=

(4)

hydraulic conductivity of a unit area of

the medium perpendicular to the flow direction (m d-1 ); A

= cross-sectional

area of

the bed (m2)~ 11h/11L= hydraulic gradient of the flow system, expressed as a decimal
fraction.

The cross-sectional area of the bed for a given flow is determined by the bed hydraulic
gradient and hydraulic conductivity, both being essential parameters in the design of
subsurface constructed wetland systems. The European Guidelines suggest that
hydraulic conductivity (k) should be around 1o-3 m s-1 (EC/EWPCA, 1990) and
typical values for a variety of substrates (from clays to coarse gravels) are given in
Table 1.2.

The slope of the beds is usually between 0. 5 and 2

~ 1o

(Steiner and Freeman, 1989).

Despite these theoretical models of hydraulic design, there is no generally accepted
consensus regarding optimal engineering design of CWS. Moreover, design is often
based on a predictable or assumed set of conditions rather on real data (Bavor, et a!.,
1995). For example, very few studies take into account the influence of geometric
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configuration, aspect ratio, depth of water or type of media (Reed, 1991 ). Optimal
design and operation of constructed wetlands are constrained because of the lack of
data and understanding of the key mechanisms of pollutant removal processes (Bavor,

eta/., 1995).

Table 1.2: Typical values for hydraulic conductivity (k) for different mineral
substrates. Source: Cooper eta!. ( 1996).
m s-1

Soil texture
Fine to coarse gravel

1o-3 - 1

Fine to coarse sand

1o-7 - 1o-2

Karst limestone

10-4- 1o-2

Sandstone

1o-8 - 1o-4

Silt, loess

1o-9- 1o-s

Glacial till

1o-12 - 1o-4

Unweathered marine clay

1o-12 - 1o-9

1. 7.4

Phosphorus removal by constructed wetland systems

Although there are few studies that outline the mechanisms controlling phosphorus
retention capacity in freshwater wetlands (Howard-Williams,

1985~

Richardson,

1985), different experiments have been conducted across the world in order to

estimate the potential of both natural and constructed wetland systems to remove
phosphorus from wastewater (Swindell and Jackson,

1990~

Mann,

1990~

Mann and

Bavor 1993; Davies and Cottingham 1993; Gumbricht, 1993; Jenssen et a/. 1993;
Kadlec 1995; Bavor et a/., 1995). Results from their studies demonstrate that the
removal of P occurs through substratum adsorption and chemical precipitation, plant
and algal uptake, bacterial action and accumulation of organic matter (peat accretion)
(Figure 1. 6 ), but the exact contribution of each of these processes has still not been
quantified (Hammer, 1989; Cooper and Findlater; Moshiri 1993; Richardson and
Craft, 1993; Flaig and Reddy, 1995).
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1. 7.4.1

Substratum adsorption and chemical precipitation

Special attention has been paid to the mechanisms which occur within a substratum
and it is agreed that there are several factors which influence these processes: Fe, AI
and Ca content, redox potential (Eh) and pH (Fillos and Swanson, 1975~ Nichols,
1983 ~ Scholes et al., 1986~ Richardson & Davis, 1987). The role of iron, aluminium
and calcium in the fixation of phosphorus by soil and sediments has long been
recognised (Low and Black 1950~ Kittrick and Jackson 1956~ Hsu 1964) and since
then numerous studies have been made in order to clarifY the mechanisms involved in

Vegetative
aaalmllatlon

water

aerobic

=====I~~

outflow

leaching

Figure 1.6: Generalized scheme of phosphorus transformation in wetland system.
Source: Sharpley ( 1995).

phosphorus adsorption from soil solutions (Olsen and Watanabe
1971; Patrick and Khalid,

1974~

1957~

Syers et al.

Richardson, 1985; Cooke et a!, 1993). Several

researchers have demonstrated that the mechanism of phosphorus removal is mainly a
sorption process attributed to a Kef complex consisting largely of hydrated iron oxide
(Shukla et a/., 1971; Williams et a/., 1971; Patrick and Khalid, 1974). Under
anaerobic conditions, most of the active iron is in the Fe2+ form, often occurring as a
ferrous hydroxide gel complex. In addition, anaerobic soils and sediments have much
higher iron concentrations in the solution (approximately 40 to 80 mg kg- 1 ) compared

19

to less than 1 mg kg-

1

in aerobic soils, and a much greater amount of Fe adsorbed on

the exchange complex (Patrick and Khalid, 1974 ). Williams et a/. (1971) and
Richardson ( 1985) suggested that the most important mechanisms are ligand

exchange reactions, by which phosphate displaces water or hydroxyls from the
surface of hydrated ferrous and aluminium oxides to form extremely stable
monodentate and binuclear complexes within the co-ordination sphere of the hydrous
oxide (Parfitt eta/., 1975).

Even though the oxidation state of P is unaffected by redox reactions, redox potential
(E 11 ) is significant because of Fe reduction. The form of Fe-P known as reductantsoluble phosphorus (RS-P) is especially important in wetland systems. It is a poorly
crystalline Fe compound which is stable under oxidising conditions, but releases
adsorbed P and occluded P (inorganic P present as orthophosphate ions within the
matrices of P retaining components) when the Fe3+ (ferric) form is reduced to the
Fe2+ (ferrous) form following submergence (Gambrell and Patrick, 1978). Therefore,
this sediment pool may release a large amount of P into the solution under flooded
conditions, i.e. if a material high in RS-P is used as a substrate, it may result in
increased effluent P levels (Patrick and Khalid, 1974; Faulkner and Richardson,
1989). On the other hand, a decrease in redox potential may also result in an increase
in P sorption capacity due to the transformation of crystalline AI and Fe minerals to
the amorphous form, which have a greater surface area and more sorption sites due to
their larger number of singly co-ordinated surface hydroxyl ions (Nichols, 1983;
Richardson and Craft, 1993).

Interaction of pH and E11 also influences P transformations in wetland soils. Although
Eh controls Fe3+ reduction, pH controls dissolution and subsequent precipitation of
reduced compounds (Cooke el a/, 1993). In acid soils, inorganic P is adsorbed on
hydrous oxides of Fe and AI and may precipitate as insoluble Fe-phosphates (Fe-P)
and Al-phosphates (Al-P). Precipitation as insoluble Ca-phosphates (Ca-P) is the
dominant transformation at pH greater than 7 (Richardson and Craft, 1993).
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Despite the pathways of P transformations in wetland soils having been established,
the substrates chosen have disappointed for a number of reasons (Cooper and
Hobson, 1989). For example, in the mid-1980s, following a proposed Kickuth design,
systems which were built in Germany and Denmark used soil (Hammer, 1989~ Cooper
and Findlater, 1990). However, many of these systems suffered an occurrence of
overland flows and insufficient contact between wastewater and substrate due to the
'
low hydraulic conductivity (Brix and Schierup, 1989), and some of them had
problems with erosion and poor reed growth (Cooper and Hobson, 1989). Following
these bad experiences, gravel was introduced as a substrate in some systems in San
Diego, California (Gersberg et a/., 1986), South Africa (Wood, 1990), Australia
(Mann, 1990~ Mann and Bavor, 1993) and Great Britain (Cooper and Findlater,
1990). This was based on the opinion that, with its coarse structure, gravel would
prevent channelling of the systems and enable better development of the roots and
rhizomes (Cooper and Hobson, 1989; Cooper and Findlater, 1990; Moshiri, 1993).
However, Mann ( 1990) pointed out that the overall contribution that gravel substrata
can make to the overall phosphorus removal efficiency by CWS has not been
extensively examined. After a two-year investigation of a large-scale CWS, he
indicated that significant P removal can take place and suggested that the selection of
a gravel substratum should be based on a number of physical and chemical
characteristics, such as: particle size distribution~ hydraulic conductivity; pore size;
shape of gravel; physical friability (disintegration); surface coating; phosphorus
adsorption capacity~ iron and aluminium oxide content; calcium content and anion and
cation exchange capacities.

\Volstenholme and Bayes ( 1990) investigated four different substrates (fine pulverised
ash, coarse pulverised ash, gravel quarry rejects and pea gravel) for a CWS at
Valleyfield, Fife, and concluded that these substrates were not suitable for long term P
removal from wastewater.

Different attempts have been made to improve P removal capacity. For example,
Steiner and Freeman ( 1989) proposed adding aluminium and iron, while Willadsen et
a/. ( 1990) recommended the use of lime. Jenssen et a/. ( 1993) suggested the use of an
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industrially processed light expanded clay aggregate (LECA) because of its high
phosphorus adsorptive capacity as well as high porosity and hydraulic conductivity.
Since then this material has been widely used in experiments throughout Norway and
Sweden (Zhu, 1997; Johansson, 1997). However, the cost-effectiveness of such
systems has to be examined due to the use of energy in the production of this
substrate.

The biggest problem in finding the optimal substrate for P removal lies in the fact that
P accumulation in a wetland is a finite process and, once saturated, the substrate has
to be replaced (Hiley, 1995). In addition, the materials are often placed in a CWS
without investigation of their physical and chemical properties prior to construction
(Mann

1990~

Mann and Bavor 1993). Therefore, the most appropriate material to be

used has yet to be found.

1.7.4.2

The role of emergent vegetation

The presence of emergent macrophytes in CWS has several important functions which
support P removal mechanisms. Their indirect role lies in physical effects such as
reducing the current velocities of water, which creates conditions for the filtering and
settling of inorganic and organic matter as well as diminishing the risk of erosion
(Brix, 1997). Plant cover has an insulation effect which is very important for wetland
performance during winter, especially in temperate areas (Jenssen et a/., 1993 ~ Brix,
1997). Most importantly, the roots and rhizomes which are buried in the wetland

substrate increase the available surface area for attached growth of micro-organisms
(Nichols, 1983; Brix, 1997) and precipitation reactions (Peverly eta/., 1995).

Biological uptake of P by emergent macrophytes varies between 30 and 150 kg P ha-l
y -1

(Brix, 1997). l\1ost of the P is stored in the roots and dead material and thus only

2. 5 to 12 kg P ha-l y -I is removable by harvesting (Howard-Williams, 1985; Hurry

and Bellinger, 1990). This is generally insignificant when compared to the loadings of
wastewater to the constructed wetland (Brix, 1994 b). Harvesting is a labourintensive process and may even damage the performance of the CWS if applied in the
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wrong way (Suzuki et a/., 1989). In addition, Harrison et a!. ( 1988) pointed out that
the summer harvesting of emergent macrophytes (in particular reeds) can considerably
diminish growth in the following season. If the wetlands are not harvested, 35-75 %
of the P that has been incorporated into the plant tissue will be returned to the water
by decomposition processes (Richardson, 1985; Brix, 1997).

1.7.4.3

The role of algae

There are few studies which have investigated the role of algae in wetland systems
(Wetzel, 1975; Kadlec, 1987; Swindell and Jackson, 1990). Kadlec ( 1987) stated that
there are three main forms of algae which contribute substantially to wetland biomass
production: epiphytes - which grow attached to the plants; the epipelon, growing on
or in the surface layers of the litter and bottom sediments; and filamentous algae
which can sometimes form extensive mats. Howard-Williams ( 1985) and Harrison et

a!. ( 1988) suggested that algae can take up significant amounts of P. However,
because algae have a much shorter life span than most macrophytes this storage is
largely temporary and is released as the algae decompose in autumn and winter
(Kadlec, 1987; Backai, 1993).

1.7.4.4

Bacterial action

Very few studies have investigated the role of

bacteria in P removal by CWS

(Howard - Williams, 1985). Bacteria can assimilate P in their cell structure, but once a
steady-state of biomass is reached within the bed no further removal of P will occur
(Richardson and Marchall, 1986; Davis and Cottingham, 1993).

1. 7 .4.5

Peat accretion

While plant (17.4.2), algal (1.7.4.3) and bacterial uptake (1.7.4.4) represent short
term P removal processes, long term removal is dependent on substrate adsorption
( 1. 7.4. 1) and peat accretion rates (Bavor et a/., 1995; Kadlec, 1995). In their review
on mechanisms controlling P retention in wetlands, Richardson and Craft ( 1993)
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suggested that the efficiency of any wetland to store P on a long term basis is
determined by the annual peat or soil accretion rate multiplied by the net increase of P
stored by these processes each year. In addition, they stated that, on average, the
permanent storage of Pis 0.5 g m-2 y-1.

1. 7 .4.6

Systems performance

Cooper and Boon ( 1989) commented that P removal was not the objective of many
CWS designs. Results from several studies showed a varied performance in a range of
30 to 90°/o depending on the strength of wastewater entering the system, systems
design and loading rates (Richardson and Davis, 1987; Faulkner and Richardson,
1989).

For example, in monitored systems which had been receiving well treated effluent (P
concentrations of 1.0 mg 1-1 or lower) for more than 4 years, typical removal
efficiencies were somewhat higher, between 60 and 90°/o (Bavor et a/., 1995), while
Tchobanoglous ( 1996) observed removal rates of only 10 - 40°/o for subsurface flow
systems with phosphorus inputs in the range of 7 to 10 mg 1-1. In addition, Knight et

a/. ( 1993) presented average treatment efficiencies of 5 5°/o based on operational data
from 69 free water wetland systems and 15 vertical or horizontal subsurface systems.

The processmg efficiency of added P among constructed wetland systems vanes
considerably, depending on application rates, with 65-90°/o removal efficiency at
loading rates of less than 5.0 g m-2 y-1. The efficiency decreases to 30-40o/o or less
when P loadings are greater than I 0-15 g m-2 y-1. Also, it declines sharply after
several years of cumulative P additions (Faulkner and Richardson, 1989~ Bavor et a/.
1995) Hiley (1995) pointed out that the removal rate of 1.9 t P ha-ly-1, which
represented 60~ 1o of the applied load, by pulverised fuel ash in the Yalleyfield CWS
(\Volstenholme and Bayes, 1990) was decreasing after 2 years in operation. Mann
( 1990) reported that between 60 and 80°/o of the load applied to a CWS in Richmond,
Australia containing a gravel substratum was removed within the first few months of
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operation. However, he later concluded that this system was inefficient in P removal
after a two-year trial (Mann and Bavor, 1993 ).

Overall, there is a wide range in P removal efficiency among wetlands at lower input
levels (< 10 g m-2 y-1 ), indicating a greater dependence on P transformations within
the wetland and emphasising the importance of substrate type for P removal from
wastewater.

l. 7.5

Nitrogen ren1oval by constructed wetland systems

The mechanisms influencing nitrogen transformations in wetland systems involve the
interaction of mineralising, oxidising and reducing processes which transform nitrogen
into gaseous forms which can escape (volatilize) to the atmosphere (Faulkner and
Richardson, 1989~.Hammer and Knight, 1994). The mechanisms are presented in
Figure 1.7, below:

Nz
NzO

denitrifica_tion

N2 • NzO . . - - - - - - - - -

leaching~

N~-N

Figure 1. 7: N transformation within the \Yet land system. Source: Gambrell et a!. ( 1991 ).

1.7.5.1

Ammonification

Organically bound nitrogen in the form of proteins, amino acids and urea is
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mineralised to ammomum N through the process of ammonification (Reddy and
Patrick, 1984; Gumbricht 1993). The breakdown of organic compounds and the
consequent mineralisation of N proceeds at a much slower rate in anaerobic than in
aerobic environments (e.g. Reddy and Patrick, 1984).

1.7.5.2

Ammonia volatilization

In alkaline conditions, ammonium N undergoes a chemical reaction resulting in the
evolution of ammonia gas (NH3), which can act as a removal mechanism for nitrogen
in CWS (Reed et a/., 1988). The ammonium ions are in equilibrium with free
ammonia gas according to the equation:

+

NH4 + H20 <=> NH3 + H3 0

+

(5)

The equilibrium is strongly affected by pH, so that as the pH increases more of the
ammonium will be converted to unionised ammonia gas in solution. At 15

oc and pH

7 less than 0.3 %of the ammonical N is present as unionised ammonia, whereas at
15 °C and pH 9. 5 this increases to almost 50 °/o (Russell, 1994).

For the equilibrium, the dissociation constant is:

Ka=

(6)
a

NH .
-l

and Ka

1. 7.5.3

=

/

9 25 (Heslop and Jones, 1976).

Nitrification

Biological oxidation of ammomum N (NH4 +) to nitrate (N03 -) 1s an oxygendemanding process which takes place in two stages as a result of the activity of
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chemoautotrophic bacteria of the genera Nitrosomonas ( NH 4 + --)- N02 -) and
Nitrohacter (N02- ~ N03 -) It takes 2 mol of 02 to oxidise each mol of ammonium

to nitrate (Reddy and Patrick,

1984~

Green eta/., 1997).

NH4+ + 1.5 02--)- N02- + 2H+ + H20
N02- + 0.5 02--)- N03
(7)

In a wetland system, nitrification takes place in the surface-oxidised sediment layer
(Gambrell and Patrick,

1978~

Reddy and Patrick, 1986), the overlying water (Reddy

and Graez, 1981) and the root zone (Reddy and D'Angelo, 1997). Nitrifying
organisms obtain their energy from the oxidation of ammonium and nitrite ions. The
growth rate of Nitrosomonas is smaller than that of Nitrobacter and therefore nitrite
accumulation should not occur in an aerobic environment unless

Nitrobacter is

inhibited. Since the conversion of ammonium to nitrate is an oxidation reaction, its
rate of conversion depends on the oxygen supply to the bacteria (Gambrell and
Patrick, 1978).

In wetland systems, the nitrification rate is influenced by temperature, pH, alkalinity of
the water, microbial population and inorganic C source (Reddy and Patrick,

1984~

Faulkner and Richardson, 1989). In temperate climates, soil nitrifier populations are
highest during spring and lowest during hot, dry summers and in winter. At
temperatures of less than 5°C and greater than 400C nitrification rates are low, being
optimal between 30 and 35°C. Nitrification decreases at pH< 6.0 and is negligible at
pH <: 5.0. In addition, in alkaline soils with high salinity N03- production is inhibited
because nitrifiers cannot tolerate such conditions (Hammer and Knight, 1994 ). Since
the process of nitrification is dependent on the metabolism of nitrifying organisms,
they must be present in adequate quantities to achieve the oxidation of ammonium N.
Results from studies on flooded soils and sediments have shown that large numbers of
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nitrifying organisms occur in the surface layers and decrease with depth (Payne, 1981 ~
Davidson et a/., 1978). Reddy and Graetz ( 1981) demonstrated that the rate of
nitrification depends on the availability of C02 in a wetland system, being higher
when waste water columns are aerated with air containing C0 2 , than when aerated
with C02 - free air.

1. 7.5.4

Denitrification

Denitrification is the maJor mechanism for N removal from wetlands (Seitzinger,
1990), as during this process nitrate is converted into nitrous oxide (N20) or
molecular nitrogen (N2). When oxygen is lacking and in the presence of an available
organic substrate, facultative anaerobic bacteria (Pseudomonas, Achromobacter,

Bacillus, Micrococcus) use N03- instead of02 as the terminal exogenous H acceptor
for their respiration (Reddy and Patrick, 1984~ Gumbricht, 1993). The overall reaction
can be presented as:

N03- + organic

carbon~

(nitrate)

N02- +organic
(nitrite)

carbon~

N2 + C02 + H20

(8)

(nitrogen gas)

There are several factors which influence the rate of denitrification in wetland
systems: absence of

02~

presence of readily available carbon;

presence of denitrifiers (Seitzinger,

1990~

temperature~ pH~

Reddy and Patrick, 1984 ). As nitrification

takes place in the oxygenated areas of the wetland, N03- then ditTuses to the
anaerobic areas when it gets denitrified. The rate of diffusion or lack of oxygen for
nitrification can also limit denitrification (Nichols, 1983 ). Organic carbon compounds
serve as electron donors and support the growth of denitrifying bacteria (Nichols
1983; Reddy and D'Angelo, 1997). The optimal temperatures for denitrification are
between 25 and 65 oc (Hammer and Knight, 1994 ). Stanford et a/. ( 1973) showed
that the rate of denitrification increases 1. 5-2 fold with a 10°C rise in temperature. It
also proceeds more rapidly in neutral to alkaline pH than under acid conditions.

28

Nichols ( 1983) reviewed the research and reported that the optimum pH for a
denitrification reaction is between 6. 0 and 8. 5.

1. 7.5.5

The role of emergent vegetation

The bed medium is continuously water-saturated (with anox1c sewage with a
significant BOD) and therefore generally anaerobic. The most limiting factor for
nitrogen removal is an adequate supply of 02 which is necessary to sustain
nitrification (section 1.7.5.3). In this regard, the ability of aquatic plants to translocate
oxygen from the shoots to the roots, establishing an oxidised area in an otherwise
reduced environment, represents the most important factor (Gersberg et a!., 1989;
Cooper and Findlater, 1990; Brix, 1994 b; Green eta!., 1997).

The occurrence of a flux of oxygen into the rhizosphere of aquatic plants is well
documented (Armstrong,

1964; Boon, 1985; Brix, 1993), but the results of

experimental determinations of this flux are erratic, probably due to the different
techniques used and seasonal variation in 0 2 release rates (Brix 1993; Brix, 1997).
For example, Lawson ( 1985) calculated a possible 0 2 flux from the roots of

Phragmites australis to be 4.3 g m-2 day-1. Other authors estimated release rates to
be 5-12 g m-2 day-1 (Armstrong eta/., 1990), 1 to 2 g m-2 day-1 (Gries eta!., 1990)
and 0.02 g m-2 day-1 (Brix, 1990). Rates of leakage are reported to be highest in the
subapical region of the roots and decrease with distance from the root-apex
(Armstrong, 1979; Brix, 1997). It was also expected that oxygen release from

Phragmites australis will be higher than that from other aquatic plants, due to the
convective through-flow mechanism and venturi-induced convection which may
significantly enhance transmission of 02 by passive molecular diffusion (Brix, 1993).
However, the quantification of 02 release is still under debate. While Sorell and
Armstrong ( 1994) demonstrated the importance of an external oxygen sink in
measuring its release from the root system and concluded that previous values were
underestimated, it is generally agreed that the oxygen supplied through the plant roots
is insufficient to support nitrification (Reed and Brown, 1995; Green eta/., 1997).
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Plant uptake of nitrogen may be considered as a temporary storage mechanism from
which N may be released again following plant senescence unless removed by
harvesting (Kadlec and Knight, 1996). However, Bavor et a/. ( 1995) reported that
harvested planted material accounted for only 5 to 16 °/o of the input nitrogen. In
addition, Brix ( 1997) stated that nitrogen removal by emergent macrophytes is in the
range of 200 to 2500 kg N ha-l y-1 and that the amounts of nutrients that can be
removed by harvesting are generally insignificant when compared to the wastewater
loadings into the constructed wetland.

1. 7 .5.6

Systems performance

Biological nitrification/denitrification is usually the most significant nitrogen removal
mechanism in constructed wetland systems. However, nitrogen removal rates vary
considerably depending on the input loading rates, the type of wetland, presence of
vegetation and the type of pre-treatment (Cooper and Findlater, 1990~ Moshiri, 1993
Kadlec and Knight, 1996). Hammer and Knight (1994) reported that nitrogen removal
rates up to 79% could be achieved for loading rates up to 1600 g N m-2 y-1. In
several systems in the USA, removals varied between 20 and 70°/o in subsurface and
40 and 75°/o in surface flow systems (Tchobanoglous, 1996). Also, it was suggested
that nitrogen removal efficiency could be improved through introducing vertical
systems employing intermittent loading which would enhance nitrification (Brix,
1993). Two such systems were constructed in Austria (Laber, 1997), with the highest
removal rates (82°/o for inorganic N and 72o/o for total N) achieved by adding an
external carbon source (methanol) for the denitrifying bacteria. Green et a/. ( 1997)
achieved removal loading rates as high as 19 g NH4 + - N m-2 d-1, using a passive air
pump with a potential of 9 mol 02 J-1 of eft1uent treated.

Vegetated CWS in general show better removal efficiencies than unvegetated ones
(Hammer, 1989~ Moshiri, 1993 ). For example Gersberg et a!. ( 1986) measured 94°/o
removal by systems planted with bullrush (Scii]Jlls lacustri...,·), 78°/o by reeds

(Phraxmites australis) and 28°/o by cattails (Typha
11 °/o removed by unvegetated ones.
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/at~(olia)

as compared with only

1. 7.6

Advantages of constructed wetland systems

One of the main advantages of CWS is that they can be constructed to provide the
same basic hydraulic and vegetative functions as natural wetlands, but with a much
greater degree of control. There are also advantages over conventional treatment
plants. They have low capital costs because the construction of the system is simple
and no mechanical or electrical equipment is needed.

Maintenance costs are

extremely low. Also, the relatively long retention times gives the system robustness
and ability to cope with peak loadings, not present in conventional systems. When
they are performing satisfactorily, a consistent effiuent quality is produced. Solids
associated with the incoming sewage accumulate, but are retained within the bed for a
very long period of time and the organic particles are almost completely mineralised.
Consequently, sludge production is considerably smaller than from conventional
treatment plants. Also, the retention of the sludge within the bed, together with a
constant supply of debris from emergent vegetation, provides a food source to
maintain micro-organism populations on the occasions when there is no sewage load
for extended periods of time. Therefore it is expected that such systems are able to
regain their full removal capacity, which may enhance their longevity.

Constructed wetlands are generally attractive in appearance and compatible with rural
surroundings (Lowe, 1990). They do not interfere with natural wetlands and therefore
they are environmentally acceptable with some potential for wildlife conservation
(Bucksteeg, 1990; Knight, 1997).

1. 7. 7

Disadvantages of constructed wetland systems

The main disadvantage in the use of constructed wetlands lies in the fact that the
technology is still at the development stage, i.e. there is an obvious lack of
understanding of the extent to which physico-chemical processes, plants, microorganisms and algal uptake influence the pollutant removal and therefore the optimal
design and operating criteria have not been established (Hammer, 1989; Moshiri,
1993). In addition, there is a lack of information on long-term performance of
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constructed wetlands.

1.8. Objectives of the research

The advantages of CWS as a means of waste water treatment are outlined in Section
1.7.6. Since they were introduced as a possible technology for waste water treatment
in the early 1980s, they have proved to be extremely efficient (up to 90°/o) in the
removal of some of the pollutants, such as BOD and suspended solids. However, their
efficiency in P and N removal has been erratic. It seemed likely that the general use of
what was effectively an inert growth medium (substrate) such as gravel was
potentially less effective than another material which itself might be capable of fixing
phosphorus. Therefore, one of the objectives of this project was to investigate other
possible substrates that were more effective for P removal, while also being cheap
enough and sufficiently readily available to be a realistic option.

Fallowing the selection of a suitable material, it was planned that constructed
wetlands should be established, using this material, to investigate phosphate and (to a
lesser extent, ammonium) removal from waste water. The chosen design was one
employing horizontal subsurface flow.
Additional specific objectives were:
1) to investigate the flow regime and geometrical configuration of the nutrients within
the subsurface flow CWS;
2) to examine the influence of redox potential (Eh), pH and temperature (t) on P and
N removal mechanisms; and
3) to examine the contribution of plants (Phragmites australis) to P and N removal.
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Chapter 2: Some physical and chemical properties of
phosphate-removing substrates for use
wetlands
2.1.

.

Ill

constructed

1

Introduction

The immobilisation of phosphate in constructed wetland systems occurs through a
combination of processes: substratum adsorption, chemical precipitation, bacterial
action, plant and algal uptake and incorporation into organic matter (Swindell and
Jackson, 1990; Richardson and Craft, 1993; Mann and Bavor, 1993; Flaig and Reddy,
1995; see Section 1.7.4). Of these, the substrate may play the greatest role and it is
important to select those substrates with the greatest potential for P removal. Such
materials might include minerals with reactive Fe or AI hydroxide or oxide groups on
their surfaces (Section 1. 7.4.1 ), or calcareous materials which can promote Ca
phosphate precipitation. They should also be suitably permeable, in order to prevent
surface channelling of the CWS (Wood, 1995; Kadlec and Knight, 1995). In addition,
they should be cheap and locally available in order to reduce the costs of CWS
construction. This chapter describes investigations of a range of candidate substrates,
all meeting the above criteria. The substrates were compared with respect to both
physical and chemical properties, in order to identify the optimal substrate for P
removal.

Measurements were made of elemental composition, pH, cation exchange capacity
(CEC), hydraulic conductivity, porosity, specific surface area and particle size

distribution. These measurements \vere complemented by studies of:
- phosphate adsorption capacity:
- investigations of the P saturation point;
- investigations of the suitability of the materials as a substrate for plant growth, and

1

This chapter is based on a paper entitled ' Some physical and chemical properties of
phosphate-removing substrates for use in constructed wetlands', submitted to Water

Research.
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- X-ray fluorescence spectrometric analysis of the substrates after passage of waste
water over them.

2.2.

Materials and methods

2.2. 1. Materials

The seven materials chosen for the investigation of their physico-chemical properties
were:

-Bauxite, a naturally occurring mixture of minerals rich in hydrated aluminium oxides
and ferric oxides and low in alkali metals, alkaline earths and silicates. It is the raw
material from which aluminium is mainly produced. The material used in this
experiment was Ghanaian in origin, and obtained from Alcan Chemicals Europe,
Burntisland, Fife.

- . ~·hale,
.
an argillaceous rock which is highly fissile and which splits readily into very
thin laminae. The material used for experiments was greyish black in colour and was
derived from the lower limestone group of the carboniferous system. It was obtained
from Cultshill Quarry, Fife. It is quarried there by the Wemyss Brick Co. as a raw
material for brickmaking.

- Burnt oil shale (BOS), widely available in central Scotland as the waste product
from heating oil shale to produce mineral oil. During the retorting process the oil
shales were heated to temperatures in excess of 500 °C, breaking down the original
alumino-silicate structures.

- fjmestone, composed largely of calcium carbonate (CaC03) in the form of calcite.
The material used for experiments was obtained from the Middleton Lime Quarry,
Midlothian.

- Zeolite, a hydrated aluminium-silicate mineral with the aluminium and silicon
polyhedra linked by the sharing of oxygen atoms. Zeolites are characterised by an
extremely open, three-dimensional lattice structure through which alkali and alkaline
earth cations can readily diffuse.

- Lightweight expanded clay aggregates (LECA), formed by expanding special clay
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minerals at high temperature to produce lightweight (300-400 kg m" 3 ) ceram1c
pebbles. The material used for experiments was obtained from the Clydesdale Trading
Company, Lanark, who had imported it from Norway.

- Fly ash, an inorganic waste product from coal combustion, consisting mainly of
spherical glassy particles of silica (Si02), alumina (AI203) and iron oxides (Theis and
McCabe, 1978). The material used here was furnace bottom ash which has coarser
particle size and hence higher permeability than fine fly ash, and originated from
Longannet Power station, Fife.

2.2.2. Methods

2.2.2.1.

Determination of elemental composition, pH, CEC, hydraulic

conductivity, porosity, specific surface area, and particle size distribution

Elemental analysis of the substrates was carried out with an inductively coupled
argon plasma spectrometer (ICAP 61E, Thermo Unicam, Mass, USA) using the
aqua-regia (HCl + HN0 3

)

digestion method to produce a solution of the sample

materials (DoE, 1986). The pH of each substrate was determined using a pH meter
(model 701 a, Orion, Cambridge, Mass, USA) by mixing 2 g of milled (< 2 mm)
material to 20 ml of 0.01 M CaCl2 (McLean, 1982). Cation exchange capacity was
measured using the colorimetric method with methylene blue (MB) (Rhoades, 1982).
From the number of 'equivalents' of MB adsorbed the concentration of cations
exchanged in the solution was calculated and CEC determined.

Hydraulic conductivity was measured using a constant head permeameter (0.65 m).
Acrylic plastic tubes with two different bores (cross-sectional areas of 0.009 m2 and
0.0035 m2 respectively) were used. The tubes were filled with the different substrates
to a height of 0.65 m. Water was passed through them, using an upward flow to
facilitate removal of trapped air (Taylor and Ashcroft,
conductivity was calculated using Darcy's law:
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1972). The hydraulic

Q :: k A (LJHILJL)

where

Q

=

(1)

volumetric flow rate of the of the solution (m3 s-1 ); k = saturated

hydraulic conductivity (m s-1 ); A = cross sectional area of the tube (m2); LJHIM =
hydraulic gradient of the flow system expressed as a decimal fraction where L1H =
the hydraulic head (m) and LJL =the length of the column (m).

The porosities of the substrates were determined usmg the standard soil sctence
procedure based on estimations of bulk density and particle density (Klute, 1986).
Specific surface area was determined using the N 2 gas adsorption method. This
involves measuring the amount of gas adsorbed at the boiling point of liquid N 2 at
atmospheric pressure (77

o

K or -196

o

C) as a function of the relative pressure p/p0 ,
0

where p is the partial pressure of the gas being adsorbed and p is its equilibrium
vapour pressure (Davis and Kent, 1990). Particle size distribution was measured by
sieving each of the substrates through four different mesh sizes, ranging from 2. 8 mm
to 12.7 mm.

2.2.2.2.

Determination of maximum phosphate adsorption capacity

A slight modification of a standard batch equilibrium technique (Nair et al., 1984)
was used. Five different P solutions, ranging in concentration from 2.5 to 40 mg P l- 1
(0.08 to 1.25 mM Pas KH 2P0 4 in 0.01 M CaCl 2), were equilibrated for 24 hours by
continuous shaking on a rotating shaker at constant temperature (21 °C). Three drops
ofto1uene were added to each tube in order to inhibit microbial activity. Suspensions
were then centrifuged and the P remaining in the supernatant was determined using a
standard colorimetric method (Black, 1965). Phosphorus adsorption maxima were
determined from the linearized form of the Langmuir equation (Olsen and Watanabe,
1957; Tchobanoglous and Schroeder, 1985):

C (.\ m) = 1 'a h ; C h

(2)
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where C is the concentration of P in the solution at equilibrium (g m-3); xlm is the
amount of P adsorbed per unit weight of material (g kg-l ); a is the constant related to
the binding strength of P on the material; h is the P adsorption maximum (g kg-l ).

2.2.2.3.

Determination of the time required for substrate saturation

Three Perspex columns (inner diameter: I 00 mm; height: 900 mm) were packed with
each of the four substrates found to have the highest P adsorption capacities, giving a
total of 12 columns. The columns were fed from below with a synthetic waste water
solution (Appendix I) containing 35-45 mg P 1-1 (as KH 2P0 4 ) from a common
reservoir, using a separate peristaltic pump for each column. This P concentration,
double the level of the average P concentration of domestic waste waters ( 10-20 mg
P 1- 1 ), was set because of the time limitations of the experiment. The upward flow
rate was chosen to ensure good contact between effiuent and substrate. The pumps
were set to operate for 10 minute periods six times per day, at a rate of 3 I hr-1. The
average contact time between the solution and the substrate was 12 hours. Samples
of the outflow from each column were taken every second day and analysed for P
content, using a standard ammonium molybdate method (DoE, 1980), to determine
when the saturation of the substrates was reached.

2.2.2.4.

Determination of plant growth in different substrates

Phragmites australis seedlings were obtained from Yarnigsdale Nursery Gardens,
Warwick, England and grown in a greenhouse until they reached an average height of
0.3 m. They were then transplanted into the four substrates and grown for 6 weeks

(mid August - end of September 1994). Samples of the plant material were taken
prior to and at the end of the 6-week period, oven dried and weighed to determine
the dry matter content. Concentrations of mineral elements were then determined
using an inductively coupled argon plasma spectrometer (ICP) (DoE, 1986).
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2.2.2.5.

Examination of

the substrate surfaces by X-ray fluorescence

spectrometry (XRF)

In order to determine whether phosphate precipitation occurred during the column
experiment (Section 2.2.2.3), three replicate samples of each substrate material were
taken from the columns after the saturation point had been reached, cut into 10 - 30
mm sections and analysed using an X-ray fluorescence spectometry (XRF) technique.
This technique is based on bombarding a sample substance with radiation from an Xray tube. The chemical composition of the material is analysed by measuring the
intensity of the diffracted radiation at different wavelengths by varying the angle of
diffraction,

8,

according to Bragg's law (Brindley and Brown, 1980). Analyses were

carried out with a Philips PW 1480 spectrometer.

2.3.

Results

2.3.1. Chemical and physical analyses

Elemental analyses confirmed that all of the materials (except the limestone) were
rich in Fe and AI, with concentrations ranging between 3 x 10 3 and 10 5 mg kg- 1
(Table 2.1 ).
pH was neutral to alkaline for five substrates, with only shale and bauxite being
significantly acid. CEC values fell into two groups, with BOS, zeolite, limestone and
shale more than twice as high as the remainder. Hydraulic conductivity was generally
between 1o-j and 1o-4 m s-1. although that of zeolite was much higher (2. 94 x 1o-3)
(Table 2.2). Porosity was lowest for limestone (33 °/o) and the highest for zeolite
(54.4°/o). The specific surface area for LECA and fly ash could not be calculated

because the range of the relative pressure for these two substrates exceeded the range
(between 0.05 and 0.30) for which the equation used in the N 2 adsorption method is
valid (Davis and Kent, 1990). Particle size distribution varied considerably among the
substrates (Table 2.3), with LECA and limestone containing the biggest proportion of
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large particles (> 12.7 mm, 70.2o/o and 61. 7°/o respectively) and fly ash the largest
proportion of small particles (<2.8 mm, 77.8o/o).

Table 2.1: Elemental analysis of substrates (mg kg- I). Each value represents a mean
of two replicates.
Element

Bauxite

Shale

BOS

Zeolite

p

500

741

1510

K

93

3200

3770

Na

9.3

171

2120

Mg

2.8

8150

4210

A1

1. 16 x 1o~

s

245

2.73

X

10

4

74
1.96

493

X

1()"~

335
3550

2.88x 10

3750

LECA

4

4.37

X

Fly ash

180

945

1360

650

390

593

4040
10

4

25

3320

9630

1.49

X

3050

494

28

50

10

Cu

11.8

29

28

2.0

Mn

11. 1

390

470

17.3

57.1

340

Zn

49.0

80

37

17.2

24.8

84

44

38.4

3.4

16.0

14.2

Cr
Fe

367
1.08

X

10~

3.64x 10 4

5.4

10

X

Ni

37

85

53

Pb

218

69

70

4

3560
4.5
30

1.37x10

4

4

2.18x 10

38

42

21

28

4

Table 2.2: pH, CEC, hydraulic conductivity (Hyd. con), porosity, and surface area
of substrates. Each value represents a mean of three replicates.
CEC
(cmo1 kg-1)

Hyd con
( ffi S -1 X 1o-4)

Porosity (0/o)

Substrate

pH

S u rfacc area
(m2 -1)

Bauxite

5.9 ± 0.1

8.5 ± 1.3

5.9 ± 0.3

34.5 ± 2.8

6.8 ±0.4

Shale

4.5 ± 0.1

19.4 ±2.8

10.0 ± 0.7

37.7 ± 1.9

19.9 ± 1.6

Bosa

7.4 ± 0.2

23.3 ± 1.0

10.2 ±0.3

40.0 ± 2.0

8.3 ± 0.3

Limestone

7.8 ± 0.1

22.8 ± 1.3

2.4 ± 0.1

33.0 ± 1.6

7.4 ± 0.5

Zeolite

6.5 ± 0.2

23.0

=1.1

29.4 ± 0.5

54.4 ± 1.0

31.4 ±0.2

LECAh

8.2 ± 0.1

9.5 ± 2.0

7.0 ± 0.2

40.4 ± 2.9

ND

Fly ash

8.3 ± 0.2

9.3 ±0.4

2.8 ± 0.3

45.3 ± 3.0

ND

8

(± SD: n = 7): a BOS = Burnt oil shale: b LECA =Light expanded clay aggregates ND: not
determined
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Table 2.3: Particle size distribution of substrates. Each value represents a mean of
two replicates.

Substrate

(

0.0- 2.8
mm

2.9- 4.0
mm

0

/o w/w)

4.1-6.7
mm

6.8- 12.6
mm

>12.70 mm

Bauxite

0.2

0.0

2.6

75.7

21.5

Shale

1.9

5.3

25.6

41.9

25.3

22.3

11.8

21.9

22.6

21.4

Limestone

1.2

2.2

8.6

26.3

61.7

Zeolite

0.0

0.0

4.2

83.6

12.2

LECA

0.4

0.1

4.3

25.0

70.2

77.8

3.5

6.5

12.2

0.0

BOS

Fly ash

2.3.2. Phosphorus adsorption characteristics

Fly ash and shale showed the best P adsorption characteristics, followed by bauxite,
limestone, and LECA (Figure 2. 1). When P adsorption data were plotted according
to the Langmuir model of adsorption (Figure 2.2), a close fit (p < 0.05) to equation
(2) was observed for all the substrates, with the exception of zeolite. Therefore,
theoretical P adsorption maxima h and bonding capacities a of the substrates were
determined and are shown together with the correlation coefficients r and regression
lines y in Table 2.4.

Theoretical (obtained from the Langmuir equation (2), Table 2.4) and empirical (from
Figure 2.1) maximum P adsorption values were plotted against each of the
investigated physical and chemical properties of the substrates (pH, CEC, hydraulic
conductivity, porosity, surface area and bonding capacity). In the former case
(theoretical P values), porosity was the only significant factor (r2 = 0. 71; p < 0. 05)
(Table 2.5). When empirical maximum P adsorption values were plotted against the
physical and chemical properties, hydraulic conductivity became the most significant
parameter (r2 = 0.71; p <0.05) (Table 2.5). In general, the physical and chemical
properties listed in Table 2.2 were not strongly linked with the observed P adsorption
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Figure 2.1: P adsorption isotherms for seven different substrates.
Each point represents a mean value of three replicates. Vertical
bars denote standard deviation (SO). Solutions equilibrated for
24 h at constant temperature (2 l''C).
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Figure 2.2: Langmuir plot of P adsorption data for all seven substrates.
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Table 2.4: Theoretical P adsorption maxtma, bonding capacities a, correlation
coefficients r, and regression line y.

a

,.

Bauxite

P adsorption max
( J k y-1)
0. 59 ± 0.03

0.49

0.991

0.62 X+ 2.70

Shale

0.65 ± 0.07

1.73

0.974

0.58 X+ 6.34

BOS

0.56 ± 0.02

0.09

0.968

0.38 X+ 9.48

Limestone

0.64 ± 0.02

0.25

0.998

0.52 X+ 1.30

Zeolite

1.00 ± 0.08

0.01

0.810

0.60 X+ 2.26

LECA

0.84 ± 0.05

0.04

0.998

0.27 X+ 1.11

Fly ash

0.95 ± 0.01

0.36

0.988

0.36x+3.70

Substrate

y

The four substrates chosen for further analysis were shale, bauxite, fly ash and LECA,
which included both the materials with the highest P adsorption capacities, and also
represented a wide range in pH.

After 40 days of exposure of these substrates to the extremely high P loading rates of
the synthetic waste water solution ( 25 g P m-3 d-1 ), saturation had not been reached
(Figure 2.3 a). Shale adsorbed the highest amount of P (400 mg P kg-1 ), followed by
fly ash (300 mg P kg-1 ), and then bauxite ( 160 mg P kg-1 ). However, as fly ash had
already been used because of its high P adsorption capacities in investigations carried
out by other authors (Theis and McCabe,

1978~

Mann and Bavor, 1993 ), it was

decided to continue the investigation using only the shale and bauxite.

To speed up the saturation of the substrates, the P concentration of the feeding
solution (42 mg J-1) and the daily flow through the system (3 I d-1) were doubled,
thus increasing the inlet loading rate 4 -fold (from 25 to 100 g P m-3 d-1 ). This
resulted in a sharp rise in the rate of P adsorption for the following 20 days, which
reached saturation at times between 65 and 80 days (Figure 2.3 b). Overall, the total
input of P to the substrates over the whole period of investigation was 24.7 g, the
total output P of shale was 21.8 g and the total adsorbed 2. 9 g, giving a saturation
presented in Figure 2. 3 a, b. value of 0. 73 g P kg-1 of shale. Cumulative P adsorption
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capacities of substrates are presented in Figure 2.3a,b.

Table 2.5: Regression analysis of P adsorption capacity against measured physical
and chemical parameters

Parameter

r2

Theoretical (Langmuir)

Empirical

Hydraulic conductivity

0.2lns

0.71

Porosity

0.71 *

0.39 05

pH

0. 11 ns

0.01 ns

CEC

0.04 115

0.33 115

Specific surface area

0.32 115

0.32ns

Bonding capacity a

0. 10115

0.32ns

Fe content

0.35 115

0.30ns

Al content

0.07 ns

0.09 115

* significant (p < 0.05)~

ns- non significant

n= 7
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Figure 2.3: Cumulative P adsorption capacities for (a) shale, bauxite. LECA and ash over
40 days and (b) shale and bauxite only for the following 40 days. The columns were fed from
below with the synthetic sewage solution containing 35 - 42 mg P 1-l (as KH2 P04) during the
first 40 days of experimentation, followed by 70 - 90 mg P 1-l (40 days) from a common
reservoir, using a separate peristaltic pump for each column.
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2.3.3. X-ray fluorescence analysis

After the saturation point of P had been reached, subsamples of the substrates from
each tube were examined; changes in colour were observed on the surfaces of both
bauxite and shale, suggestive of precipitation of insoluble phosphates. The bauxite had
dark patches, and the shale orange ones. Investigation of the coatings by XRF showed
that P deposition had occurred only on the shale particles; the concentration of P
increased roughly 3-fold during the period of exposure in the column, as indicated by
the X - ray count rate (Figure 2.4 ), which is directly proportional to the P
concentration (Brindley and Brown, 1980). However, the nature of the dark patches
on bauxite was not discovered.

4.5 . - - - - - - - - - - - - - - - - - - - - - - - - ,
4.0
~

3.5

0

• Untreated
Treated
'I

.,

-'1,

3.0
2.5

2.0

e

2 (degrees)

Figure 2.4: XRF peaks due to phosphorus, untreated and treated shale samples.

2.3.4. Suitability of substrates for plant growth

The visible characteristics of the plants grown in the different substrates are
summarised

in Table 2.6. Growth was generally similar in all four substrates, but

there were some variations. Red marks observed on plant stems indicating possible P
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deficiency (Blackmoore and Tootill, 1984) were most obvious in bauxite and shale
substrates, while the development of young shoots was most prominent in shale.
However, elemental analyses of the plant material grown in different substrates did
not show any significant difference in the mineral content of the plants.

Table 2.6: Plant growth in different substrates

Substrate

Plant growth

Shale

Y ery good, although red marks observed on stems
after two weeks indicating deficiency in P. Good
development of young shoots.

Bauxite

Good: as in shale, red marks observed on stems.

LECA

Very good: however, development of young shoots
not so obvious as in shale substrate.

Fly ash

Fairly good: after three weeks slight yellowmg
observed on the edges of the leaves.

2.4

Discussion

P adsorption appears to be mainly a surface phenomenon, and occurs most readily on
such surfaces as those of iron and aluminium oxides and hydrous oxides (Ryden and
Pratt,

1980~

Stuanes, 1984). These have an external layer of OH- ions and water

mo\ecu\es, which are coordinated with Fe3+ or Al3+ ions directly below the surface.
In the ideal structure the surface is assumed to have no net charge, and therefore at a
freshly cleaved surface OH- ions and water molecules can replace the structural 02and OH- ions, which become exposed (Parfitt, 1978). It is well known that materials
rich in Fe and AI may have an affinity for P as phosphate displaces water or hydroxyls
from the surface of Fe and AI hydrous oxides (ligand exchange reactions) to form
monodentate and binuclear complexes within the coordination sphere of the hydrous
oxide (Bache and Williams, 1971; Parfitt et al., 197\ Matt, 1981; Richardson, 1985).
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In acid environments, inorganic P is adsorbed on hydrous oxides of Fe and AI and
may precipitate as insoluble Fe phosphates (Fe-P) and AI phosphates (Al-P). In
alkaline environments, precipitation as insoluble Ca phosphates (Ca-P) takes place at
pHs greater than 7 (Richardson and Craft, 1993).

Although negative correlation between phosphate adsorption and pH is found in
minerals, it has been difficult to establish the relationship between these two
properties in most of the reported experiments, mainly due to the difficulties in finding
minerals which differ only in pH (Stuanes, 1984 ). Therefore it is not surprising that
there was no relationship between the pH values of the materials used in the present
work and their P adsorption capacities (Table 2. 5).

The relationship between cation exchange capacity and P adsorption was difficult to
establish, because the strength of bonding of cations by the exchange sites depends on
different parameters such as the nature of the source of the negative charge, hydration
status and valency and size of each cation (Barber, 1984). The relationship between
cation exchange capacity and P adsorption was not significant. This is not surprising,
as there is no obvious mechanism by which this property is likely to affect the
adsorption of anionic species.

The measured hydraulic conductivities of 2- 29 x 1o-4 m s-1 (Table 2.2) were in the
range of values recommended for CWS (EC/EWPCA, 1990), and it has been
suggested that once developed, hydraulic conductivity will stabilize and maintain itself
(Kickuth, 1977). Much lower values have been measured in studies in Denmark,
Austria and UK (Schierup et al., 1990). Brix ( 1994) pointed out that the hydraulic
conductivity often decreases and usually stabilizes in the range of 1o-5 to 1o-6 m s-1
and that therefore the dimensions of constructed wetlands with subsurface flow
should not be based on the assumption that the hydraulic conductivity will increase as
a consequence of root and rhizome growth. Recent results presented by Sanford et al.
( 1995) support this statement, as the hydraulic conductivity of investigated substrates
(pea gravel and coarse gravel) did decrease in the 26-month period of their study.
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Porosity and hydraulic conductivity had the most significant influence on P adsorption
capacities of the materials (Table 2.5). The apparent relationship between porosity
and P adsorption has no obvious interpretation. One might expect that porosity had a
role because it was associated with surface area, but the direct comparison of this
latter variable showed no relationship. No mechanism can be suggested, either, for the
apparent relationship with hydraulic conductivity. Thus the correlations indicated by
Table 2. 5. must be treated cautiously.

The material with the smallest particle size distribution will have the highest surface
area, increasing the potential for direct reaction with phosphates. The measurements
showed such a trend for most of the substrates investigated, but zeolite was an
exception: it had the highest specific surface area (Table 2.2) and the highest
theoretical P adsorption capacity (Table 2.4) but the lowest amount of P adsorbed
per 100 g of material (Figure 2. 1). The reasons for this may be, firstly, that P
adsorption equilibration is limited by diffusion, so that larger particles (84 °/o of zeolite
particles were between 6.8 and 12.6 mm (Table 2.3)) absorb less than 10 °/o ofP from
the solution (Crank, 1975, Fig 6.4., p

95)~

and secondly, the Langmuir equation may

be inappropriate in this context. There is a considerable controversy over the proper
use of the Langmuir equation for adsorption studies, arising from the fact that it was
developed from the assumption that adsorption of gases forms a monomolecular film
on uniform surfaces, whereas the adsorption of phosphate on minerals involves
adsorption onto non-uniform surfaces (Barrow, 1978; Barber, 1984). The biggest
advantage in the application of the Langmuir model for adsorption studies is that it
enables the calculations of theoretical P adsorption maxima to be made. Therefore,
despite the limitations of the mechanistic P adsorption equations, they are still
widespread in P adsorption studies, with Langmuir equations being most frequently
used (Stuanes, 1982). However, where there is a lack of close fit to the Langmuir
equation as in the case of zeolite in this study (Figure 2.2), the results should be
treated cautiously because extrapolations to determine maximum adsorption may be
inaccurate (Barber, 1984 ).
Of the seven investigated substrates, fly ash, shale and bauxite were chosen for further
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examination of the P saturation point based on their high P adsorption and bonding
capacities (Table 2.3). In addition, LECA was studied despite its low bonding
capacity value, because experiences in Scandinavian countries suggested that it was a
new and promising substrate (Brix, 1994).

The results of the P saturation point measurements (Figure 2. 3) indicated that shale
has the highest P adsorption capacity, in excess of 650 - 700 mg kg-1. The closest
reported values for the materials used in CWS are 430 mg P kg -1 for blast furnace
slag and 240 mg P kg -1 for fly ash (Mann and Baver, 1993). Zhu et a! (1997)
recently showed that some types of Norwegian lightweight expanded aggregates
(LW A) have P adsorption capacity of 1390 mg P kg -1. On the other hand, Johansson

eta!. ( 1997) concluded that Swedish produced LW A was chemically non-reactive and
therefore was not suitable for P removal unless lime was added. As the production of
L W A requires substantial amounts of energy, the overall suitability and cost
effectiveness of this material as a substrate for a CWS remains to be explored.

The presence of P deposition on shale surfaces during exposure to the synthetic waste
water solution was confirmed by X-ray fluorescence analysis, indicating the
occurrence of precipitation reactions (Figure 2.4). Such precipitation may lead to
enhanced removal of P. This has particular implications for wastewater treatment;
Stuanes ( 1984) showed that P removal by soils receiving long-term wastewater
treatment applications was much greater than that predicted by adsorption maxima.
One suggested explanation is the rejuvenation of exchange sites by precipitation
during alternating oxidizing and reducing soil conditions (Faulkner and Richardson,

1989).

2.5.

Conclusions

The results of this chapter consistently suggest shale as a substrate with a large
potential for P removal, with the P adsorption capacity as high as 0.65 - 0. 70 g kg-
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1

.

Shale was also a good growth medium for Phragmites australis, with good
development of rhizomes and young shoots. In addition, XRF analysis of the shale
surface (after being exposed to high P concentration for a period of 80 days) indicated
P removal via precipitation on the material.

The physical and chemical properties listed in Table 2.2 were not strongly linked with
the observed P adsorption capacity, and the differences between materials are better
explored by direct observations of P adsorption in laboratory experiments.
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Chapter 3: The performance of a greenhouse (pilot scale)
constructed wetland for phosphate and ammonium removal
from waste water 2

3.1.

Introduction

After extensive laboratory investigations of the possible substrates for a constructed
wetland system described in the previous chapter, the next stage was to build a system
in a greenhouse and assess its performance with regard to both phosphate and
ammonium removal from wastewater. This is very important from the practical point
of view as it provides the information on the efficiency of the chosen substrate. In
addition, a small scale system enables detailed investigation of internal nutrient
removal processes to be made, as different components are more easily isolated and
manipulated (Cooper and Findlater, 1990; Moshiri, 1993).

With respect to assessing the performance of a constructed wetland, there are two
measures in common use. One of them, concentration treatment efficiency, expressed
as a percentage of a pollutant removed by the wetland based on inlet and outlet
concentrations has been used for over a decade (Stark and Williatns, 1995). However,
this method of interpreting the results does not provide information about the quantity
of pollutant removed per unit time, or the actual size of the system (Hedin and Nairn,
1990; Tchobalogonous, 1996 ). In order to overcome this problem, a new way of
measuring was introduced, where loading rates (concentrations times flow) were
divided by the plan surface area of the system giving an area adjusted unit of removal

2

This chapter is based on a paper entitled 'Phosphate and ammonium removal by
constructed wetlands with horizontal subsurface flow, using shale as a substrate',
published in Water Science and Technoloxy 35, Vol 5, 1997.

expressed as g pollutant m-2 day-1. The main advantage in the use of this kind of
measurement is that it takes into account concentration, flow and wetland area and
therefore provides a better insight into wetland treatment performance (Brix, 1994a~
Tchobalogonous, 1996).

The present chapter describes:
i) simultaneous phosphate (P) and ammonium (N) removal from synthetic sewage in a
greenhouse CWS, over a period of 11 months;
ii) the contribution of Phragmites australis to P and N removal from waste water, by
estimating 02 release from plant roots~ comparing P and N removal rates in planted
and unplanted tanks and calculating the nutrient uptake by the above - ground
biomass.

3.2.

Methods

3.2.1. Performance of the greenhouse tanks

The CWS was housed within an unheated greenhouse without artificial lighting.
Seedlings of Phragmites australis were grown from rhizome transplants in a nursery
bed of shale until they reached an average height of 0.6 m ( 4 weeks). Shale was
obtained from the same quarry (Cultshill, Ladybank) as the one used for the
laboratory experiments (Chapter 2). Eight 2501 water tanks (1.0 m long, 0.50 m deep
and 0. 50 m wide) were each filled with 200 kg of shale. The volume of the material in
each tank was 165 1 with a pore space of approximately 50 1. Four were planted with
seedlings (T2, T8, T 4 and T6) and four left unplanted as controls (T 1, T7, T3 and
T5). They were left to grow for three months before wastewater was applied. Each
tank was connected to a reservoir containing 250 1 of synthetic sewage, via a
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peristaltic pump, to distribute the wastewater through the wetland (Figure 3.1 ).

Peristaltic
Pumps

Reservoir 2

Reservoir 1

1.0

Figure 3.1: The greenhouse set- up showing arrangement of tanks and reservoirs. and their
dimensions (m). Only a few plants arc shown.

The pump was set to operate 4 times each day for 50 minutes, at a rate of 3 l h-1.
With this arrangement, 10 1 day-1 of waste water passed through the system, giving a
residence time of 5 days. The surface area of each tank was 0. 5 tn2. Real sewage was
used only during the first 10 days at the beginning of the experimental period, in order
to establish a microbial community similar to the real CWS systems. This decision was
made because it was not possible to connect reservoirs to the sewage supply
anywhere in the area. The alternative would have been to bring the very large volumes
of sewage necessary for the experiment (500 1) which would have had to be brought
manually frotn the Dunfermline sewage works (40 km distance) once a week.
Therefore, the investigation continued using a synthetic sewage devised by DoE
( 1981 ), which was prepared every 5 days. The synthetic sewage (made up by mixing 7

different components: bacteriological peptone, meat extract, urea, sodium chloride,
calcium chloride, magnesium sulphate and dipotassium hydrogen phosphate) is widely
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u ed as a ubstitute for real sewage in the Water Re earch

ouncil's waste water

treatment studies in Great Britain (Appendix 1)

Plate 3.1: The greenhouse set-up showing arrangement of tanks and reservoirs after 10
months from the estabh hment of a CWS

uch synthetic ewage after dilution contains approximately 106 mg 1-1 organic C, 46
mg j-1

and 5 mg 1-1 P (DoE, 1981) In order to investigate the capacity of the

y terns for phosphate and ammonium removal over a wider range of nutrient input
concentrations, the contents ofN and P in a synthetic sewage were modified . While N
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content was decreased 2 - 4 times (by decreasing the concentrations of bacteriological peptone and urea), P content was increased 2 - 8 times (by increasing the
concentrations of dipotassium hydrogen phosphate, Appendix 1). This kind of
modification resulted in a very unusual N/P ratio of the synthetic sewage
(approximately 0.6 : 1) when compared to the real one (approximately 2:1) which
might have had an influence on the experimental results as well as the mass balance
observations. However, the contents of the synthetic sewage had to be modified in
this way, because one of the aims of the experiment was to achieve substrate
saturation by P, which meant that the P concentration had to be reasonably high, and
secondly, N concentrations had to be decreased because of the upper limit of the
concentration range of the automatic N analysis system (there were too many samples
to be analysed to permit large numbers of repeated analyses at different dilutions).
Therefore, the tanks were fed from two separate reservoirs. Four of them (T 1, T7, T2
and T8) were fed with average inlet concentrations of 8- 12 g NH 4 + m-3 (0.16- 0.24
g m-2 day-1), 0.1 - 0.2 g N0 3- m-3 (0.002- 0.004 g m-2 day-1) and 10- 20 g H 2Po 4 m-3 (0.2- 0.4 g m-2 day-1), while the remaining four (T3, TS, T4 and T6) were fed
with double these concentrations throughout the whole period of investigation.
However, the synthetic sewage concentration in terms of BOD was kept the same in
all tanks (Elloriaga, 1996).

After 10 months, the inlet phosphate concentration in tanks T3,TS, T4 and T6 was
increased to

120 g m-3 with the aim of reaching saturation. The nutrient

concentrations in the synthetic sewage, at the inlets and outlets of the tanks, were
monitored every 5 days at the early stages of the experiment, and then once a week.
H 2 PO ..( was determined using the standard ammonium molybdate method (DoE,
1980). NH 4+ was measured using the method by Crooke and Simpson ( 1971) and

N0 3- by the method described by Best ( 1976) using a Chemlab Instruments Ltd

55

continuous flow analyser. Additional samples were taken for measurements of pH,
redox potential (Eh) and temperature (t) in order to investigate the possible effects of
these parameters on P and N removal from waste water. pH and Eh values were
tneasured by standard techniques described by Rowell ( 1994 ), using a conventional
glass electrode, a calomel reference electrode and a platinum electrode. However, Eh
readings were not corrected for pH nor was a 248 mV addition used to correct for the
zero potential of the platinum electrode. Temperature was measured using a combined
oxygen electrode and temperature recorder.

3.2.2. Contribution of Plzragn1ites australis to phosphate and ammonium
removal

The nutrient removal of the planted and unplanted tanks was tnonitored for 11
months. In January 1996, the above-ground biomass of the plants was harvested and
the fresh weights recorded. The height of the plants was approximately 1.2 m and the
fresh weights were 1022, 909, 1400 and 942 g for T2, T8, T4 and T6 respectively.
Plant material was then oven dried at 100 °C overnight and weighed to determine the
dry matter content (DM). Concentrations of mineral elements were determined after
digestion (Rowell, 1994) using an inductively coupled argon plasma spectrometer
(ICP) (DoE, 1986).

The atnount of 0 2

which may be present in the substrate is important because

anaerobic conditions may reduce P adsorption and prevent any conversion of
ammonium to nitrate. Therefore a separate experiment was conducted in order to
estimate 0 2 release from plant roots. Twelve rectangular pots (0.61 m long, 0.17 m
deep and 0.17 m wide) were filled with 9 kg of shale and divided into three groups of
four pots to give three replicates. For each replicate, two pots were planted with the
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PhraKn11tes austral!.~ seedlings and two kept a controls (Plate 3 2) Each of the

planted pots contained between 26 and 30 new green terns (approximately 15 to 30
em high) , 5 to 8 you ng shoots (height < 5 em) and 70-80 dead cu lm

In addition, one

each of the pl an ted and unplanted pots sealed with a layer of paraffin (I em thick) in
order to prevent atmo pheri c 0 2 entering the system The vo lume of the material in
each pot was approximately 0 0 145 m3 with a pore space of approximately 0.0035
m3 Each pot was co nnected to a peristaltic pump, et to operate 4 times each day for
3. 5 minutes, giving a retention time of 5 days . Dissol ved 0 2 concentrations in the

wastewater were measured in samples dail y at the beginning of the experiment, and
then taken at the inlet and outlet every fifth day, using the dissolved oxygen meter

(J en way 9071 , UK) . Comparison between sealed and non-sealed water pots was
made.

Plate 3.2 Arrangement of rectangular pots, used to estimate 0 2 release from plant
roots
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3.3.

Results

3.3.1.

Performance of the greenhouse tanks

Long term phosphate, ammonium and nitrate loading rates (plan surface area) and
corresponding percentage removal rates are presented in Figures 3.2, 3.3 and 3.4,
respectively. The total input of P over the whole period of investigation (309 days)
2

was 348.8 g P m- , while the total output in the unplanted and planted tanks was I 0.8
2

g P m- and 1.6 g P m-

2

,

respectively. Virtually complete removal of phosphate (P)

was achieved over the whole period of investigation even when the influent
concentration rates were increased to 120 g m-3 (2.4 g m-2 day-1, Figure 3.2 b) on
the last two sampling occasions, for both planted and control tanks.

The total input of mineral N (NH4 · + N0 3-) over the whole period of investigation
was 162.1 g N m- 2, and the total output 71.2 g N m- 2 (unplanted tanks) and 1.4 g N
2

m- (planted tanks), respectively. Ammonium was completely removed in the planted
tanks, while in the control tanks it varied between 40 and 7 5 °/o, suggesting that the
contribution of the plants was substantial, between 25 and 60 % (Figure 3 .3). Nitrate
concentrations in planted tanks fell from 0.2 - 0.4 g N0 3- m- 3 to 0.02 g N0 3 - m- 3
(with the exception of days 50 and 230) while in unplanted tanks outlet
concentrations fell to approximately 0.05 - 0.08 g N03- m- 3 ~ however, it should be
noted that influent nitrate levels were extremely low (Figure 3 .4).

pH, Eh and temperature values are presented in Figure 3. 5. pH values of the influent
ranged from 6. 5 to 7. 5, with the effiuent values between 4 (on a first sampling
occasion) and 6. 5, being fairly stable throughout the whole period of investigation. Eh
values of the influent ranged from -30 to 30 mY, while the values of the effiuent were
between I 70 and 50 mV. Temperature values of the effiuent ranged between 20 and
I 0 oc, d.uring summer and autumn, falling to 5 oc in winter (in January of 1996 the

outside temperature values decreased to below 0 °C).
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No significant correla~ion was found between H2 P0 4 -

-

P removal rates (0/o) and the

pH, Eh and t (Figure 3.6) or between NH4+- N removal rates (%) and the pH, Eh
and t (Figure 3. 7) over the period of investigation at both low and high phosphate and
ammonium input loading rates. Also, forward stepwise regression analysis showed
that the combined effect of any of these three variables did not significantly affect P or
N reduction.
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3.3.2.

Contribution of Phragn1ites australis to phosphate and ammonium

removal

3.3.2.1.

Nutrient removal in planted versus unplanted tanks

In order to test the effects of the presence of plants and different inlet concentrations
on P and N removal, pH, Eh and temperature, four two-way ANOV A analyses were
performed (one test for each season), using Sigma Stat statistical software (Kuo et

al., 1992). Each of the treatments had two replicates and tests were performed on
absolute values (Table 3. 1).

The presence of Phragmites australis in planted tanks had a significant effect on the
changes in H2P04-- P, NH4+ - N and N03- - N removal rates in all four seasons
whereas different (high/low) concentrations only had a significant effect on N03- - N
in each season (Table 3. 1). It was only in the final period of investigation, the
following spring, that the effect of inlet concentration on H2P04-- P and NH4+ - N
became apparent. In summer, the inlet concentration had an effect on the changes in
both pH and Eh , while in spring it had an effect only on Eh. Temperature was
affected only by the presence of plants on two occasions, in summer and spring (Table
3. 1).

Elemental analysis of the plants prior to planting, after 3 months growing in shale and
after 5 months of the waste water application, showed almost no difference in P and
N concentrations (Table 3 .2). However, Fe, Mn and Zn concentrations varied
considerably (p < 0.05) for the three investigated periods: The Fe concentration in
plants from T2 and T8 decreased by 75 °/o after three months growing in shale and
then increased 4. 6 times after five months of waste water application ( 1. 1 times if

65

0\
0\

High/low
ns
ns
p < 0.05
p < 0. 0 5
p < 0. 05
ns

Summer

Planted
/unplanted
p < 0.01
p < 0.01
p < 0.05
ns
ns
p<O.Ol
High/low
ns
ns
ns
ns
ns
ns

Autumn
Planted
/unplanted
p < 0.01
p < 0.01
p < 0.05
ns
ns
ns
High/low
ns
ns
p < 0.05
ns
ns
ns

Winter
Planted
/unplanted
p < 0.01
p < 0.01
p < 0.01
ns
ns
ns
High/low
p < 0.05
p < 0.05
p < 0.05
ns
p < 0. 0 I
ns

Spring
Planted
/unplanted
p < 0.01
p < 0.0 l
p < 0.01
ns
p < 0. 0 1
p<0.05

60.3
1.8
0.2
262.0
43.8
5.7
119.0

Prior to planting
(March 1995)

After 3 months growing in
shale
T4&T6
T2&T8

After 5 months of receiving
waste water application
T2&T8
T4&T6

29.2 (± 0.14)
36.5 (± 5. 10)
32.4 (± 3.07)
31.9 (±4.56)
1.5(±0.71)
1.6 (± 0.32)
1.9(±0.14)
1.5(±0.14)
0.1 (± 0.06)
01(±0.01)
0.1 (± 0.02)
0.1 (± 0.05)
ppm
345.6 (± 24.00)
Fe
65.5 (± 6.15)
69.7 (± 10.87)
300.8 (± 24.80)
2X0.1 (± 23.XO)
313.1(±39.90)
Mn ppm
221.3(± 14.60)
294.5 (± 47.53)
ppm
10.4 (± 3 .39)
4.3 (± 0.03)
6.1 (± l. 70)
13.3 (± 2.00)
Cu
ppm
35.3 (± 0.57)
23.2 (± 5.23)
Zn
32.7 (± 4.92)
32.6 (± 3.22)
DM* =dry matter; the plants were in a very poor state (very dry and apparently close to wilting) when obtained for the experiments
and this is presumed to be the reason why dry matter content was so high prior to planting.

OM* %
0
/o
N
p
Of<,

Element/OM
(concentration)

Table 3.2: Elemental analysis of plant material harvested prior to planting, after 3 months growing in shale, and after 5
months of waste water application

H2P04·
NH4- N
N03 - N
pH
Eh
t

Parameter

Table 3.1: The effects of presence of Phragmites and different inlet concentrations on H2P04-, NH4+- N, N03-- N,
pH, Eh and temperature~ (n = 2).

compared with the value prior to planting); in T 4 and T6 it followed a similar pattern.
The Mn concentration in T2 and T8 increased 5 fold after growing in shale for three
months, and then by a further 30 o/o after 5 months of waste water application; in T4
and T6 it increased slightly more. The Zn concentration decreased by over 70 °/o and
then declined still further after a further 5 months. The Cu values doubled, then
decreased to about the starting concentration but the result was not statistically
significant. In addition, an orange, oxidised iron colour was observed on the root
surfaces. These results indicate the possibilities of Phragmites australis for the
removal of

Fe and Mn from waste water (Drizo et a!, 1997). Plants showed

extremely good growth and root development in the shale substrate (Appendix 2),
achieving a high total surface area for Fe, Mn and P uptake and deposition.

After the plants were harvested in January 1996, total P and N uptake by above ground biomass was found to be 2.25 g m-2 and 26.2 g m-2, respectively (55 kg P
ha-l y-1 and 640 kg N ha-l y-1 ). These values were in accordance with the values of
50 to 150 kg P ha-l year-1 and 200 to 2500 kg N ha-l y-1 suggested by Brix
( 1994b ). However, it should be taken into account that much of the nutrients
accumulate in the roots and rhizomes (Hiley, 1995) and therefore it is likely that the
actual plant uptake was much higher (Section 3 .4).

The contribution of plants to P and N removal was also assessed through the estimate
of both P and N input-output CWS's balances, for the period July 1995 - January
1996 (from the start of the experimental period until the plants were harvested) and
these values are presented in Tables 3.3 and 3 .4. However, it should be noted P and N
input-output balances might have been atTected by the very unusual N/P ratio of the
synthetic sewage (Section 3.2.1). Had the inlet NH4·-N input concentration been
higher, it is expected that more N would have been assimilated in CWS, via plant and
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microbial uptake. On the other hand, these are temporary storage mechanisms, and
nitrogen can be released from the system following plant senescence unless removed
by harvesting (Section 1. 7.5.5).

Table 3.3: Phosphorus mass balance for the period of 23rd July 1995-7th January 1996 t
based on measurements from the greenhouse tanks fed by high concentrations. Quantities in
final column ('unaccounted for') arc presumed to be attached to the substrate. Errors cited
represent standard deviation (SO).

P input kg ha· 1
(H:!P04·-P)

P output kg ha· 1
(HzP04--P)

Aboveground
plant biomass*
kg P ha· 1

[Jnaccounted
for
kg P ha· 1

Planted tanks

986.8 ± 9.6

18.9± 2.1

22.5 ± 1.6

945.4 ± 5.9

Unplanted tanks

986.8 ± 9.6

39.4 ± 4.2

0

947.4 ± 5.4

* measured as total P o/o in the plant tissue; t

from the start of experiment to plant harvest.

Table 3.4 -Nitrogen mass balance for the period of 23rd July 1995-7th January 1996 based
on measurements from the greenhouse tanks fed by high concentrations. Quantities in final
column ('unaccounted for') may have been taken up by the substrate or volatilised. Errors
cited represent standard deviation (SO).

N input kg ha· 1

N output kg ha- 1

(NH4·-N+N0 3--N) (NH4·-N+N0 3--N)

Planted tanks

503.0 ± 8.4

5.6 ± 1.6

Unplanted tanks

503.0 ± 8.4

173.5 ± 4.5

* measured

as total N °/o in the plant tissue.
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Aboveground
plant biomass*
kg N ha· 1

[Jnaccounted
for

262.5 ± 1.2

234.9 ± 4.7

0

329.5 ± 3.9

kg N ha· 1

3.3.2.2.

Oxygen release from Phragnlite.\· australis

After 25 days there was no significant difference in the growth achieved (average
height between 0. 70 and 0.80 m, maximum 0.95 m) among non-sealed and sealed
pots. However, in the non-sealed pots there was an obvious development of new
young culms (average height 0. 21 m) and approximately 10 new shoots per pot,
whereas there was no development of new shoots or young culms in the sealed pots.
In addition, an obvious yellowing of existing plants was observed in all sealed pots,
which might have been caused by the use of paraffin as a seal. Dissolved oxygen
concentrations for all 4 treatments (pots planted with Phragmite.\·, the control, pots
planted with Phragmites and sealed with paraffin and the control sealed with paraffin)
are presented in Figure 3 .8, below:

uc
2.3

~ 0.4

UP

-7

t

2.7

t

-1.3

-1.4

J,

J,

sc
1.0

~ 0.3

-7

SP

1.3

Figure 3.8: The average concentration of oxygen present in four different treatments. UC

=

unsealed control: SC = scaled controL UP = unsealed planted: SP = sealed planted (units are g
02 m-3) Oxygen electrode used for measurements was calibrated in a zero oxygen solution.

The paraffin seal reduced the average 0 2 concentration by 1.3 - 1.4 g m-3, while the
presence of the plants enhanced it by 0.3 - 0.4 g m- 3 presumably by diffusion through
the aerenchyma. The amount of oxygen transferred from the atmosphere to the
rhizomes was only 0. 002 g m-2 day- 1 , which was much smaller than values reported
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in the literature (Section 1. 7. 5. 5). However, it should be noted that this was just a
preliminary investigation and that the presence of the paraffin seal might have affected
the results.

3.4

Discussion

The experimental set-up was devised to investigate the efficiency of the pilot-scale
CWS based on shale with both planted and unplanted tanks and at two different input
nutrient concentrations. Although a deterioration of CWS performance with increase
in the inlet loading rates has been documented (Section 1. 7.4.6. and 1. 7. 5.6) no such
behaviour was observed in this experiment. The systems performed just as well at high
concentration as at low concentration both in the case of phosphate and of
ammomum.

The unplanted constructed wetlands (which all used horizontal subsurface flow)
showed a very high removal of P of 97% throughout the whole period of
investigation, 11 months, with the addition of plants contributing an improvement of
just 2°/o to 99°/o. The fact that the substrate remained equally effective after 11 months
of monitoring, even though the inlet loading rates on the four tanks (T3, T5, T4 and
T6) receiving the double inlet load had been increased 3 - fold (from 40 to 120 g m-3,
i.e. 0.8 - 2.4 g P m-2 day-1) for the final month, emphasises the potential of shale to
adsorb phosphate. Moreover, although in the vertical column experiment (Chapter 2,
Section 2.3) shale showed a P adsorption capacity of 0.65 - 0.73 g P kg-

1
,

the P

1

adsorption in the pilot-scale systems reached 0.85 g P kg- (unplanted) and 0.87 g P
kg- 1 (planted) and the tanks were still not saturated, which further suggests that this
material may be very suitable as a substrate for constructed wetlands. The discrepancy
between P adsorption capacity in the vertical columns experiment and pilot-scale
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CWS could be attributed to the differences in the experimental set-up (Section 2.2.2.3
and 3.2. 1). In particular, while shale packed in the vertical columns was fed with the
synthetic sewage only, the pilot-scale CWS were initially fed with real sewage in order
to develop a microbial population to resemble a full-scale system, which might have
allowed a larger microbial uptake in the latter systems.

The P mass balance, based on the total input and output P loading rates for the period
July 1995 - January 1996 (Table 3.3) showed that the difference in P output between
1
)

was very similar to the P uptake by the

1
),

which represented only 2°/o of the total

planted and unplanted tanks (19.6 kg haaboveground plant biomass (22.5 kg ha-

inlet loading. This is in accordance with the results reported by Brix (1994b~ 1997)
who stated that the amounts of nutrients that can be removed by harvesting is
generally insignificant compared to the loadings in the waste water entering the CWS.
Even taking into account that the production of the underground root and rhizome
tissue may exceed that of the aboveground standing crop and that more than 50 °/o of
the nutrients is stored in this portion of the plants (Debusk and Ryther 198 7 ~ Reddy
and Debusk 1987) their overall contribution to P removal would increase by only 2 - 3
o/o of the total entering the system. Therefore the results suggest that plants account
only for a small portion of the removed P and that majority of the P removal was due
to incorporation into biological films (microbial uptake) and/or physico-chemical
reactions with the substrate. However, P uptake by microbes represents only a shortterm removal mechanism and once the steady state is reached, desorption back to the
water column takes place, releasing back 3 5 - 75 %> of the adsorbed P (Richardson
and Craft, 1993; Kadlec and Knight, 1995). This implies that most of the P which has
been removed from the system over the period of 5.5 months has participated in some
physico-chemical reaction with the substrate.
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In the determination of the P and N balances it should be taken into account that
evapotranspiration rates were not measured, and therefore the estimation of the
quantities leaving the system, based only on concentration measurements, would have
been too low.

The nitrogen mass balance, based on the total input and output N loading rates for the
period July 1995 - January 1996 (Table 3 .4) showed that the output of mineral N
(NH4' - N + NO~- - N) from the unplanted tanks ( 173.5 kg ha- 1) represented only
34.5o/o of the total inlet loading. The remaining 65.5°/o (329.5 kg N ha- 1) could have
been retained in the unplanted tanks through several possible mechanisms. For
example, it could have been adsorbed by the substrate through cation exchange
(Platzer and Netter, 1994~ Wittgren and Maehlum, 1997). Zhu and Sikora ( 1995)
estimated that 61 °/o of NH4 ~ - N that had been removed from the unplanted gravelbased CWS was due to adsorption on the substrate. In addition, mineral N could have
also been immobilised in the microbial cells, but similarly to the P uptake by these
organisms, most of the N taken up by this process can be released again to the water
column (Kadlec and Knight, 1995). Another possibility for N removal in the unplanted
tanks may have been nitrification at the air-water interface where 02 could have been
supplied to nitrifiers via diffusion in a 1-2 em layer with production of N0 3 - (Mitsch
and Gosse1ink, 1993 ~ Hammer and Knight, 1994; Sikora eta!, 1995). However, as the
observed concentrations of N0 3 -

-

N (Figure 3 .5) were always extremely low, the

results suggest that either nitrification rates were extremely low or denitrification
occurred at a rapid rate once NH-l. - N was nitrified. Indeed, the oxygen release
experiment (Section 3 3 .2.2) showed that the oxygen supplied through the plant roots
might have been insufficient to support nitrification. Sine.; approximately 4.6 g 02 is
needed to oxidise 1 g of NH4 + - N (Hiley, 1995~ Sikora eta/, 1995) oxygen deficiency
is frequently mentioned as a reason for the poor N removal performance of the CWS
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employing subsurface flow (Hammer and Knight, 1994; Platzer and Netter, 1994;
Green eta/, 1997).

In contrast to P, mineral N (NH4 · - N + N0 3-

-

N) removal via aboveground plant

biomass accounted for just over 50o/o of the total N input loading rates (Table 3 .4)
1

262.5 kg ha- being removed in this way over the whole period of investigation.
Similar results were observed in the study of a gravel based subsurface CWS
conducted by Sikora eta/ ( 1995). The differentiation between plant uptake and other
mechanisms of NH4 · - N removal is difficult because the rates of these processes and
the below ground biomass uptake were not evaluated. However, if it is hypothesised
that at least an amount of N, equal to the above ground biomass N, was immobilised
in the rhizosphere, all of the uncounted N removal might be attributed to plants.
Platzer and Netter ( 1994) pointed out that, due to the large number of factors that
affect N removal via CWS, it is difficult to quantify the influence of each factor
separately.

Despite the fact that plants are believed to have an influence on substrate temperature
by acting as an insulation layer and by providing additional surface area for the
development of microbial activity (Wood, 1990), their effect on effiuent temperature
was apparent only on two occasions in this study (Table 3. 1). Moreover, variations in
pH, Eh and temperature values at the outlets did not account for the variations in
either P or N removal (Section 3. 3. 1, Fig. 3. 6 and 3. 7) either in planted or unplanted
tanks. These results indicate that the processes which \Vere removing phosphate or
ammonium were not negatively or positively affected by the changes in the measured
parameters for the range of values measured in the tanks.
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3.5.

Conclusions

The results in this chapter develop the investigations of the previous chapter in two
directions. First, the experimental scale is increased to a pilot scale CWS, to
investigate the potential of shale for nutrient removal from waste water in a more
realistic setting. Second, the effectiveness of shale is analysed, not only with respect
to P removal, but also with respect to the removal of ammonium and nitrate.

The experiments agam confirmed the effectiveness of shale. It was almost fully
effective in removing P (with or without plants) and, in combination with Phragmites,
it was also effective in removing N. Moreover, the saturation levels predicted in
Chapter 2 were exceeded, indicating that the potential performance of shale might be
even better than previously thought.

Results from the pilot-scale CWS performance predict that a full scale shale based
CWS could have a very good performance for both P and N removal. The results of
the performance of the greenhouse tanks suggest that if BOD and SS are removed at
the primary stage of wastewater treatment, the high efficiency in nutrient removal is
achievable. This finding is in comformity with the studies carried out by Hiley and
Warell in 1998 (P. Hiley, pers. comm.).
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Chapter

4:

Phosphate

and

ammonium

distribution

in

constructed wetlands with horizontal subsurface flow, using
shale as a substrate 3

4.1.

Introduction

As outlined in Section 1. 7. 3, wetland performance data are often generated from the
actual measurements of what was coming into and out of the constructed systems.
Theoretical removal models based on such data have been developed principally for
biological oxygen demand (BOD) and suspended solids (SS) removal, with the
suggestion that the same kinetics can be applied for reduction of ammonium (Kadlec

eta!, 1993; Hammer and Knight, 1994; Kadlec, 1995; Reed eta/, 1995; Bavor et al,
1995). The form of the model used by all these workers involves an exponential
decrease in pollutant concentrations to a background value approaching zero along
the transect from wetland inlet to wetland outlet. The model can be expressed as
follows (Section 1.7.3):

q dC

=

-k (C-C*)

(1)

dx
where

3

q = hydraulic loading rate defined as the ratio of the inflow (Q, m d2

surface area (A, m ); x

=

fraction of distance from inlet to outlet; C
3

concentration of the system (g m - );

c*

1
)

=

and the
pollutant
3

= background pollutant concentration (g m- );

k =first order area-based reduction rate constant (m d-

3

1
).

This chapter is based on a paper entitled 'Phosphate and ammonium distribution in
constructed wetlands with horizontal subsurface flow, using shale as a substrate' , to
be submitted to Water Research.
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An alternative approach, based on the concept of water retention time has been
formulated by Kadlec and Knight ( 1996):

~
(~*
(_X/

-

kvTx

Ci-C*=e

(2)

where kv = first order volumetric reduction rate constant ( d- 1); x = fractional distance
through the wetland; l' =retention time (days).

Theoretical wetland models tend to be system - specific, because of the lack of data
and understanding of the key mechanisms involved in the removal processes (Bavor,

et a!., 1995). The engineering design of CWS is often based on predictable or
assumed sets of conditions rather than on real data. For example, very few studies
take into account the influence of geometric configuration or depth of water or media
on the systems' performance efficiency (Reed, 1991 ). Cooper and Green ( 1995)
emphasised the need for collecting data in order to obtain more information on
pollutant distribution within the CWS, especially during cold and potentially freezing
weather.

In the present study, an attempt has been made to collect a data set on spatial
distribution of nutrients within the liquid phase in the CWS_ It is believed that this
kind of information on influent distribution and physical configuration of the systems
will lead to improved design of systems in the future (Tchobanoglous, 1987).
Concentrations of phosphate (H 2PO.(), ammonium (NH 4 4-) and nitrate (N0 3-), were
measured in water samples taken at various depths (0.1 m, 0.2 m and 0.35 m) and
lengths (0.2, 0.4, 0.6 and 0.8 m) from the inlets towards the outlets, in a greenhouse
CWS over a period of 1 1 months. These data were used to test the theoretical model
of removal (see equation 1). Although their influence on nutrient removal was not
observed in the long-term CWS performance (Chapter 3 ), redox potential (Eh), pH
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and temperature were also measured. In addition, the contribution of Phragmites

australis to these processes was assessed.

4.2.

Methods

Vertical sampling points (plastic tubes, diameter= 0.008 m) were placed at 0.2, 0.4,
0. 6 and 0. 8 m from the inlet along the length of each tank (described in the previous
chapter, Section 3.2) and at three different depths: 0.35 m (bottom of the tanks), 0.2
m and 0. 1 m below the substrate surface (Figure 3. 1). In addition, a fibre glass rod
was placed in each tube in order to prevent it from filling with water between
sampling, which might cause mixing of water from the different layers during
sampling. Once a month, waste water samples were taken from each of the
observation points, using 50 ml syringes.

0.100

0.350

0.200

0.100

0.200

0.100

0.350

0.200

0.350

0.200

0.100

0.350

Inlet,
7

Outlet )

0.2m

0.4m

0.6m

0.5m

0.8m

1.08m

Figure 4. 1: Locations of the sampling points in a greenhouse tanks, plan view.

After 10 months, the inlet concentration of phosphate was increased three-fold ( 120 g
m-:~), and that of ammonium two-fold (40 g m-3), with the aim of reaching saturation

of the substrate. However, even at such a high inlet concentration, shale had such a
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high capacity for phosphate removal that saturation of the substrate was not reached
(See Chapter 3, p 70).

H2P04- was determined usmg a spectrophotometer (model SP6 - 500 UV, Pye
Unicam, Cambridge, England; limits of detection at 0.2 g m-3) according to the
standard ammonium molybdate method (DoE, 1980). NH 4+ was measured using the
method devised by Crooke and Simpson (1971) and N0 3- by the method described by
Best ( 1976) using a Chemlab Instruments Ltd continuous flow analyser with limits of
detection between 0.1 - 0.2 g m-3. pH and Eh values were measured by standard
techniques (Rowell, 1994 ), using a conventional glass electrode, a reference calomel
electrode and a platinum electrode. Temperature was measured using a combined
oxygen electrode and temperature recorder.

4.3. Results

4.3.1. Phosphate distribution

Data from planted and unplanted tanks are presented on separate figures for clarity
(Figures 4.2. and 4.3 respectively). H 2P0 4- concentrations showed a very rapid
decrease from inlet to outlet in the planted tanks. Values were extremely low
(between 0.5 - 1 g m-3) at all depths and all lengths during the first 8 months of
investigation, rising to 3 g m-3 in May 1996 (Figure 4.2. ). In the unplanted control
systems, higher values of P were observed, especially at 0. 2 m and 0.4 m lengths ( 1. 5
times planted values), the highest tending to be at the bottom of the tanks (0. 3 5 m)
(Figure 4.3 ). However, despite being fed with extremely high P input concentrations
of 20 - 40 g m-3, both planted and unplanted systems achieved removal of 90 - 98 °/o,
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standard deviation (SO).

and this was true even when the input concentration was increased to values as high
as 120 g m-3 towards the end of investigation in May 1996.

In order to test the effects of depth, distance from the inlet and presence of plants on
P distribution, split plot analyses of variance with tanks treated as main plots were
performed (Sakal and Rohlf, 1981 ), using SAS Stat statistical software (SAS
Institute, 1985). The effect of depth on P concentration was significant (p < 0.01) in
both planted and unplanted tanks throughout the period of investigation, with
concentrations being higher at the bottom of the tanks (Table 4. 1, Figures 4.2 and
4.3 ). The effect of distance from the inlet was also significant on all sampling
occasions, in both planted and unplanted tanks, with concentrations decreasing as
distance increased (p < 0.01, Table 4.1). The presence of plants had a significant
effect at all depths and distances throughout the experiment.

P concentrations were plotted on a logarithmic scale to test whether the decrease with
distance from the inlet was exponential. In planted tanks this was true in eight out of
twelve cases, while in unplanted in nine out of twelve. Regression lines are presented
on Figures 4. 2 and 4. 3, while the associated correlation coefficients, regression
equations and rate constants k (see equation 1) are displayed in Tables 4.2a and 4.3 b.
The rate constants k for unplanted and planted tanks were compared for each
sampling occasion, using a t - test. A significant difference (p < 0.02) occurred only
on the last sampling occasion, in May, with rate constants being higher in the planted
tanks.
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N

00

P/u

p
p
p

p

= planted/unplanted;

= length;

D = depth; L

H2P04NH/ -N
N0 3-- N
pH
Eh
t

November (4 months)
L
P/u
D
p < 0.01
p < 0.01 p < ().()l
p < 0.01
p < 0.05 p<0.01
p<O.Ol
p < 0.05
ns
ns
p < 0.01 p < 0.01
p < 0.01
p < 0.05
ns
p < 0.01
!1~ __ p_< 0.0 I

Parameter

December (5 months)
P/u
D
L
< 0.01 p < 0.01
p < 0.01
p < 0.01
p < 0.01
ns
p < 0.01
< 0.01
p < 0.01
< 0.05 p < 0.01
p < 0.05
p < 0.05
< 0.05 p < 0.01
< 0.01
p
ns
ns
March (8
D
p < 0.05
ns
ns
p < 0.05
nc
p < 0.01

months)
L
p < 0.01
p < 0.01
p < 0.01
ns
p < 0.01 .
p < 0.01
p

p
p
p

May (10 months)
P/u
L
D
< 0.01
p < 0.01
p < 0.01
< 0.01
p < 0.05
p < 0.01
< 0.05
p < 0.05
ns
p < 0.02
ns
ns
p < 0.01
ns
< 0.01
ns
'----_I!~ _ _ __ __ I!_S _ _
_ _!)_ ~ Q_._Ql_

P/u
p < 0.01
p < 0.01
p < 0.01
p < 0.01
p < 0.01

Table 4.1: Results of Split Plot Analysis of Variance on the effects of depth, distance from the inlet (length), and presence of Phragmites australis on H 2P0 4-. NH 4 N03-- N, Eh, pH and temperature; (n = 48).
-

N.

00

w

k = 0.068

--

p < 0.02

k = 0.068

r = 0.878

p < 0.02

k = 0.062

35

20

10

Depth

November

0.844

k = 0.067

k = 0.080

k = 0.093

r = 0.918

p < 0.01

p < 0.02

p < 0.05

r = 0.885

log (P)=- 2.02 x + 1.51

log (P) = - 1. 73 x + 0. 90

log (P) = - 1.46 x + 0. 79

r = 0.847

k = 0.095

r=0.912

p < 0.02

r=0.891

p < 0.02

p < 0.05
log (P)= - 2 06 x + 1.40

0.880

log(P)=-1.78x +0.91

=

k = 0.089

r

log(P)=-1.94x + 1.35

May

p < 0.01

k = 0.082

r = 0.832

k = 0.068

r = 0.935

k = 0.082

k=0.071

=

p < 0.05

r

p < 0.05

March

p<0.01

log (P) =- 1.35 x + 1.85

k = 0.055

r = 0.930

log (P) = - I. 19 x + 1. 72

k = 0.062

for H2P04- - P in planted tanks.

log (P)=- 1.79 x + 0.75

)

p < 0.01

log(P)=-1.54x +0.72

December

1

k = 0.080

r = 0.945

log(P)=-1.74x +1.44

k = 0.078

r = 0.948

p < 0.01

r = 0.845

p < 0.05

k=0.081
log (P) =- 1.69 x + 1.35

log (P) = - 1. 4 7 x + I. 16

r = 0.897

p < 0.05

r = 0.841

p < 0.02

r=0.915

log (P) =- 1.47x + 1.75

May

log (P) =- 1.76 x + 1.24

March

log (P) =- 1.34 x + 0.98

December

log (P) = - I. 4 7 x + 1. 2 1

November

Table 1a: Regression lines, correlation coefficients and rate constants k (m d-

35

20

10

Depth

Table 4.2 a: Regression lines, correlation coefficients and rate constants k (m d- 1 ) for H2P04-- Pin unplanted tanks.

--

4.3.2. Ammonium distribution

NH4 + - N concentrations followed a similar trend of rapid decrease from inlet to
outlet in planted tanks (Figure 4.4). Values were very low (below 2.5 g m-3) during
the first eight months of wastewater application at all lengths and depths, but then
gradually increased to almost 5.0 g m-3 between months 8 and 10 (which still
presented 87.5 % reduction when compared with the input load rates). The levels of
NH4+- N in unplanted systems were relatively high at 0.2 m, 0.4 m and 0.6 m lengths
throughout the experiment, and rose from 10 - 15 g m-3 in November to 20 - 30 g m3 in May 1996, the latter representing only a 25 °/o reduction.

In order to test the effects of depth, distance from the inlet and presence of plants on
NH4 + - N distribution, split plot analyses of variance with tanks treated as main plots
were performed (Sokal and Rohlf, 1981 ), using SAS Stat statistical software (SAS
Institute, 1985). The effect of depth was significant on two sampling occasions, in
November 1995 and May 1996 (Table 4. 1). The effect of distance on NH4 + - N
distribution was significant throughout the experiment, with lower concentrations at
greater distance (p < 0.01, Table 4.1 ). In addition, the presence of plants had a
significant effect (p < 0.01) at all depths and distances, planted tanks having the lower
concentrations throughout the period of investigation (Table 4.1 ).

Similarly to P, NH 4 + - N concentrations were plotted against distance from inlet on a
logarithmic scale and these data for both unplanted and planted tanks are presented on
Figure 4.4. Regression lines show that N concentration in unplanted tanks decreased
exponentially with respect to distance throughout the experiment, while in planted
tanks this was the case in nine out of twelve occasions. Tables 4.3 a and 4.3 b show
the associated correlation coefficients, regression equations and rate constants k.
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log (N) =- 0.25 x + 1. 53

for NH4+ - N in planted tanks.

log (N) =- 1.39 x + 0.94

)

log (N) = -1.53 x + 0.80

December

1

-

p < 0.01

log (N) =- 0.40 x + 1.44

p < 0.01

log (N) =- 0. 72 x + 1.32

r = 0.948

log(N)=-0.55x +1.20

p < 0.01

k = 0.020

r = 0.925

k = 0.034

p < 0.01

k = 0.030

r = 0.920

log (N) = - 0.43 x + 1.45

p < 0.01

log (N) = - 0. 73 x + 1. 3 1

r = 0.986

log (N) =- 0.65 x + 1.26

p < 0.01
k=0.017

r = 0.983

10g (N) = - 0. 3 7 X + 1.4 3

March

k = 0.030

p < 0.01

log(N) =-0.65x +1.33

December

k = 0.027

r = 0.943

log (N) =- 0.59 x + 1.29

November

Table 4.3 b: Regression lines, correlation coefficients and rate constants k (m d-

35

20

10

Depth

Table 4.3 a: Regression lines, correlation coefficients and rate constants k (m d- 1 ) for NH4+- N in unplanted tanks

In order to test whether there was a significant difference in rate constants between
planted and unplanted tanks, t-test was performed for each sampling occasion, using
Sigmastat statistical software (Kuo et a/., 1992). It showed that there was a
significant difference (p < 0. 01) throughout, with constants being higher in the planted
tanks.

4.3.3. Nitrate distribution

The input load of N03- - N was extremely low (0.5 - 1.0 g m-3) and consequently,
the concentrations remained low at all lengths and depths of the system throughout
the experiment, often falling to 0.1 g m-3, which was at the limits of detection of the
instrument (Figure 4. 5). Decrease in concentrations from the inlet towards the outlet
was 15 % and 30 °/o in unplanted and planted tanks respectively, but this was not
statistically significant.

Similarly to H2P04- - P and NH4 + - N, split plot analysis of variance with tanks
treated as main plots were performed (Sakal and Rohlf, 1981 ). It showed that the
effect of depth had a significant influence on nitrate distribution only on one sampling
occasion, in December 1995 (Table 4.1 ). A tendency for concentrations to be 30 °/o
higher in planted than in unplanted tanks at 0.2 m and 0.35 m depth (the depths where
the roots and rhizomes are largely found) and first 0.5 m length from the inlet was
observed. The effect of distance and the presence of plants were apparent throughput
the period of investigation (Table 4.1 ).
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4.3.4. Eh, pH and temperature distribution

Redox potentials (Eh) were fairly stable rangmg from 60 to 120 m V, except in
December 1995, when values fell to 20- 50 mY (Figure 4.6) The Split plot analysis of
variance showed that different depths did not have a significant influence on potential
values, except on one sampling occasion, in December 1995. On the other hand, the
effect of length was clear (0.01 < p < 0.05) with an increase in values along the
transect from the inlets towards the outlets. Planted tanks showed significantly higher
redox potential throughout the period of investigation (0.0 1< p < 0.05~ Table 4.1 ).

pH values ranged from 5.5 to 6.5 being fairly stable at all depths and along all lengths
of the tanks (Figure 4.8). There was a significant effect of depth, except on one
sampling occasion in May 1996. The effect of distance was also apparent throughout,
except on one sampling occasion in March 1996. In addition, the effect of plants was
apparent on two sampling occasions, in December 1995 and in May 1996 (Table 4.1 ).

Temperature values ranged between 6.6 and 14.9 oc with values remaining above 5
oc even in December, when outside temperature values decreased to below 0°C
(Figure 4. 9). The effect of depth was significant only on one, while the effect of length
was significant at two sampling occasions (November 1995 and March 1996). The
effect of plants was apparent at all depths and along all lengths of the systems, except
on one sampling occasion, in March 1996 (Table 4.1 ).
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4.4. Discussion

The exponential decrease in P concentrations from the inlet towards the outlet
conforms well with the equation ( 1). The pattern was similar in both unplanted and
planted tanks, the latter showing a more rapid reduction, in particular in the 0.2 m
distance from the inlet. In both, the decrease could be a time effect: wastewater near
the inlet has been in the system for less time than wastewater near the outlet, so has
had less interaction with substrate and plant roots.

That there was no significant effect of depth is in agreement with equation ( 1) which
assumes that flow at depth h and rate

Q move through

the constructed wetland under

steady uniform conditions (Reed et a!. 1988~ Bavor et a!, 1989~ Reed et a!. 1995).
However, it could also be attributed to the fact that the systems were relatively
shallow (0.35 m as opposed to the usual 0.6 m recommended by the European
Guidelines (EC/EWPCA, 1990)) as it is well emphasised that equation ( 1) implies
simpler conditions than actually occur in practice (Kadlec, 1993~ Bavor et al, 1995~
Buchberger and Shaw, 1995).

The tendency for rate constants to be higher in planted tanks (Table 4.2a and b) in
March and May 1996 could be attributed to the enhanced plant uptake of P at the
beginning of the growing season. The rate constants were statistically different
(Section 4.3 .I) only in May 1996, probably due to a three-fold increase in input
loading rates. Overall, rate constants were slightly higher than typical values of k = 12
m

i

1

(k

= 0.033 m d- 1 ) reported by Kadlec and Knight ( 1996). However, it should be

taken into account that values given by Kadlec and Knight ( 1996) were calculated for
full scale systems and different hydraulic loading rates.
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The fact that the treatment efficiency remained extremely high throughout (95 - 98o/o),
with virtually complete removal of P by the time the wastewater reached the outlet
can be explained by a very high P adsorptive capacity of shale (0.65 - 0.7 g P kg-1)
obtained in laboratory investigations (Chapter 2). In addition, the current study
indicates that the P adsorptive capacity of shale is even higher than previously
thought, reaching 0.84 g P kg-1 and 0.87 g P kg-1 in the unplanted and planted tanks
respectively. This increase could be attributed to the precipitation reactions on the
shale surfaces resulting from the Eh and pH interactions.

Redox potential (Eh) influences P transformations within CWS through Fe reduction.
Values ofEh below 130 mY cause the reduction offe3+ to Fe2+, and the release of
associated P could be expected (Gambrell et a!, 1991 ). That the release has not been
observed could be explained by the transformation of crystalline Fe and AI minerals to
the amorphous form, the latter having a higher P sorption capacity which may
precipitate as insoluble Fe - or AI - phosphates resulting in an overall increase in shale
CWS P removal capacity (Section 1. 7.4. I).

An exponential decrease in NH4 + - N concentrations along the transect from the inlet

to the outlet was in accordance with the theoretical models developed by Hammer and
Knight, ( 1994), Bavor eta!, (1995) and Reeds eta!. ( 1995), and, as with P removal,
contact time may play a major role in their distribution within CWS. The rate
constants in planted tanks were on average 3 times higher than those of unplanted
(Table 4.3a and b) due to a more rapid reduction of ammonium in the planted tanks.
Under reduced conditions, NH4 + - N is stable and may be adsorbed by the substrate
or used by plants and micro-organisms (Sikora et a/, 1995). The results from this
study show that overall ammonium reduction in unplanted tanks represented only 25 45 o/o. The efficiency was probably limited by relatively slow rates of nitrification.
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The removal of N in wetland systems is largely dependent on input loading rates
resulting in up to 70°/o removal efficiency at rates of between 20 - 30 g N m-2 y-1 but
decreasing in efficiency at higher loading rates (Faulkner and Richardson, 1989). The
fact that virtually all N was removed in planted tanks, even when loading rates were
doubled towards the end of the experiment, is encouraging.

As planted tanks showed more rapid reduction in nutrient concentrations, with the
rate constants being significantly higher in particular in the case of N (p < 0. 01 ), the
theoretical removal model ( 1) could be refined to:

(2)

where:
kp would represent the rate constant of the plants, and k.s· the rate constant of the

substrate.

In the case of unplanted tanks, the equation of both P and N removal is simplified to:

C'outfCin

=

(3)

exp (- k.,.l)

As the measurements in Figures 4.2, 4.3 and 4.4 are taken with respect to the distance
from the inlet, it is necessary to convert between the residence time and the distance.
The overall residence time from inlet to the outlet is 5 days, and assuming a steady
flow, this gives a mean plug flow velocity of 0.2 m day -1 and thus, the equation can
be written as:

r= 1/v = 5/

(4)
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where I presents the distance from the inlet to the point of measurements; v

=

velocity

of the liquid phase in a CWS; Therefore the equation relating nutrient concentrations
and distance in unplanted tanks becomes:

C011 t1Cin

=

exp (- 5k./)

(5)

The experimental data from this study are consistent with the exponential model. It
would be interesting to obtain further results confirming the model.

Input loading rates of nitrate were extremely low in this study (0. 5 - 1 g m-3) and
therefore the results should be treated with caution. Nitrate is unstable in reduced
zones and is quickly depleted as a result of assimilative reduction and denitrification
(Section 1. 7. 5.4 ). These processes support the developn1ent of a concentration
gradient for the diffusive flow of N03- from the surface oxidised layer around the
roots to the reduced zones where the denitrification process effectively converts
nitrate to molecular dinitrogen (Patrick and Reddy, 1976; Faulkner and Richardson,
1989). The fact that the planted systems showed only a 10 °/o increase in nitrate
concentrations would suggest that the amount of 02 which can be released from the
plant rhizosphere, creating the oxidised zones in an otherwise anaerobic environment,
is not sufficient to support the nitrification processes (Brix, 1994; Hiley, 1995).

The low redox potentials (between 20 and 150 mV) reflect the reduced state of the
substrate. The rate and magnitude of Eh depends on the amount of organic matter, the
nature and content of the electron acceptors, the temperature and the duration of
submergence. The increase in Eh values along the transect from length 0.4 m to the
outlets is associated with the reductions in H2P04-, NH4+ - N and N03- - N values
indicates that between 0. 4 and 1 m there was a transition to n1ore oxidising conditions
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within the substrate. The higher potentials in planted beds might have been created by
an increase in the biomass of roots and rhizomes combined with the radial diffusion of
oxygen (Reddy and 0' Angelo, 1997).

pH values were fairly constant, ranging between 5.5 and 6.5, which is typical for
submerged acidic substrates high in organic matter and reducible iron. pH value
affects hydroxide, carbonate, phosphate and silicate equilibria in submerged
environments and may have significant implications in wastewater treatment as they
regulate the precipitation and dissolution of solids, adsorption and the concentration
ofFe 2+, AI

3

+

and S2- ions (Ponnamperuma, 1972).

There was no evidence of length or depth differences in temperature in either planted
or unplanted tanks. The insulation effect of plants and the high microbial activity
could have attributed to explained the higher temperatures (0. 5 - 1 OC) observed in
planted tanks (Wood, 1990). The beneficial effect of vegetation in a subsurface
CWS's winter performance has been shown in several studies (Maehlum et al,

1995~

Yin and Shen, 1995).

4.5. Conclusions

Data on geometrical configuration of this kind are valuable in providing guidelines for
wetland design. A system with an aspect ratio of 2: 1 supported a gradient in
pollutants through the longitudinal profile with up to 95 °/o of the nutrient removal
achieved within the first 0.2 m ( 1/5 of the total length) in planted tanks. It is still
difficult to say whether results obtained from this pilot scale study, set up in a
greenhouse, are representative of larger scale systems. However, they provide a better
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understanding of the nutrient distribution and removal processes that take place within
the CWS.

An important observation was made that the wastewater percolated to the full depth
in both planted and unplanted systems, providing sufficient contact with the substrate
to achieve high P and N removal rates throughout the period of investigation
(between 95 - 98o/o in both planted and unplanted systems and 85 - 90 o/o in planted
systems respectively). This confirmed results from a previous investigation (Chapter
3) that such systems can be used as a highly efficient wastewater treatment option
with the potential to treat effluents to the tertiary standards after a single year of
operation.

The rate constants for P and N removal processes were slightly higher than those
reported by other authors, but this is not surprising, as the latter were calculated for
full-scale systems.
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Chapter 5: Investigation of hydraulics and flow regime in
constructed wetlands with horizontal subsurface flow, using
bromide tracer

5.1. Introduction

Hydraulic residence time ( 7) represents one of the most important parameters in the
design of constructed wetlands (Watson and Hobson, 1989~ Moshiri, 1993~ Cooper,

1996). It is defined as the average time that wastewater remains in the bed travelling
from the inlet end to the outlet end (Watson and Hobson, 1989~ Sanford eta/., 1995).

Typical values of T for subsurface flow systems vary between 2 and 7 days (Knight,
1994~

Wood, 1995). In order to simplify calculations, it is oftent assumed that

wastewater flows uniformly through all of the pore spaces and that the whole of the
bed volume participates in the treatment process (Cooper, 1993~ Sanford eta/., 1995~
Reed and Brown, 1995). However, several researchers have found that constructed
wetlands do not exhibit ideal uniform flow behaviour and have reported the
occurrence of preferential flows and short-circuiting (Bowmer,
1990~

Kadlec,

1993~

Netter,

1994~

1987~

Schierup et a/.,

Buchberger and Shaw, 1995). Kadlec eta!. (1993)

and Kadlec ( 1994) stated that the flows are typically in the transition region between
laminar and turbulent and that contact times between the wastewater and the substrate
often differ from the theoretical retention time calculated from the wetland empty
volume and the volumetric flow rate.

One maJor problem frequently reported when evaluating the performance of
constructed wetlands is the clogging of the substrate (especially if the substrate is soil
or sand), resulting in overland flow and bypassing of the treatn1ent zone within the
matrix and rhizosphere of the plants (Brix, 1987; Schierup et a/. 1990~ Conley et a!.
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1991 ). The characteristics of the substratum material have a substantial effect on the

hydraulics of the wetland system. The material provides the physical support matrix to
promote plant growth and root development, while at the same time presenting a
porous medium through which the wastewater flows and is subjected to the activity of
microorganisms (Fisher, 1990; Hammer, 1992). If short cuts and dead zones occur
within the substratum in a wetland system, the effective reaction volume and thus the
purification efficiency is reduced (Netter, 1994 ).

Shale was found to be a very efficient substrate for phosphate P removal from
wastewater, achieving 98 - 100 % removal of P in both planted and unplanted tanks at
the loading rate of 0.02 m d- 1. Ammonium N removal in unplanted tanks was between
40 and 75 %, but it was still completely removed in planted tanks (Chapter 3).

However, because of its plate-like structure which breaks easily into very thin
laminae, there is a possibility that shale may clog up with time. Therefore, a tracer
experiment was performed, in which measurements were taken at several locations
(distances) and depths within each tank to check whether uniform flow was achieved
or whether clogging of the substrate had occurred. In addition, the actual hydraulic
residence time of the wetland was measured.

5.2. Methods

Determination of the flow characteristics was carried out using the twelve vertical
sampling probes placed in each tank for the purpose of previous experiment (Figure
4.1, Chapter 4) .

Different tracers and fluorescent dyes (lithium, bromide, uramn, eosin) have been
en1ployed in studying the hydraulic properties of constructed wetlands (Bowmer,
1987; Schierup et a/, 1989; Kadlec, 1994; King el a/, 1997). Bromide (Br-) was
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chosen for this experiment because it represents a chemically very stable tracer
material of low sorptive properties (Flury and Papritz, 1993). In addition, it showed
the highest recovery among the range of tracers used in hydraulic investigations of
planted soil filters (Netter, 1994). A solution containing 20 g

r

1

of Br- (as KBr) was

prepared and 2. 5 l were added to each tank, during one working cycle (50 minutes) of
the peristaltic pumps. This was carried out in April 1996, 9 months after establishment
of the constructed wetlands. The first set of samples was collected from each of the
observation points (plus the outlet) one hour after the tracer pulse application, using
50 ml syringes. Samples were then taken once per day for 6 days. Bromide
concentrations were determined using an ion-selective electrode (Adriano and Doner,
1982) (see Appendix 3). Flow was maintained at a constant rate, and mean residence
time was obtained from plots of tracer concentration versus time at the sampling
points.

Netter and Bischofsherger ( 1990) pointed out that the easiest way to interpret the
movement of a tracer through a CWS is by determination of the change in tracer
concentration with time, but that this method should only be used if the flow is
constant (e.g. if the runoff varies, it should be taken into account as well). A typical
concentration versus time curve for a tracer experiment is shown in Figure 5. 1:
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Figure 5.1: Iodide tracer experiment on the Bedford Ouse (Whitehead eta!, 1986).

5.3. Results

The results of tracer tests revealed that the majority of the wastewater travelled
through the bottom of the tanks (Figures 5.2 and 5.3). In both unplanted and planted
tanks, there was almost no flow at 10 em depth below the surface, which was
expected, given that the inlet pipe was at the depth of 20 em (Chapter 3 ). The
observed mean hydraulic residence time at the outlets and at all depths, was
approximately 6 days, which was slightly higher than the theoretical residence time ( 5
days). Although the whole of the pore volume was available for wastewater to pass
through, there was a preferential flow through the basal parts in both the unplanted
and planted tanks.

In addition, the Br- peak concentrations fell between 0.8 and 1.0 m, even though at
0.2 m to 0.8 m they were nearly the same in both the unplanted and planted tanks.
The overall recovery of bromide tracer was good, representing 88 °/o in planted and
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84 °/o in unplanted tanks respectively, of which the greatest proportion (66.5 and 65
0

/o) was in the bottom layer. The occurrence of surface flow was not observed.

In order to test the effects of depth and the presence of plants on flow characteristics,
two-way ANOV A analyses were performed, using SigmaStat statistical software
(Kuo et a!., 1992). Each of the treatments had two replicates and tests were
performed on absolute values. The results of the analyses showed that there were
major hydraulic differences (0.02 < p < 0.05) between the bottom of the tanks (35
em) and the two upper zones (20 and 10 em) in both unplanted and planted tanks.
Although the tracer breakthrough curves follow a similar pattern (Figures 5.2 and
5.3), the difference in Br- concentrations in planted and unplanted tanks was
significant (p < 0.02). This implies the presence of different flow characteristics in the
unplanted and planted tanks.
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5.4. Discussion

The fact that the major portion (65 o/o) of tracer travelled through the bottom layer in
both planted and unplanted tanks suggests the occurence of a preferential flow in this
part of the wetland. This could have a two-fold explanation: firstly, the inlet pipe was.
set at a depth of 20 em, contributing to the flow attenuation in the upper layer.
Secondly, a difference in the density and the way that shale particles were packed
inside the tanks at the time of setting up the greenhouse systems could have favoured
channelling and the occurrence of preferential flows. If there had been a preferential
flow, one would have expected only one third of the wetland pore volume to be
available for the wastewater flow, resulting in the actual residence time being shorter
then the theoretical one. This would also greatly reduce the treatment efficiency of the
systems (Sanford et al., 1995). However, the tracer breakthrough curves in both
planted and unplanted tanks show that the actual residence time (Figures 5.2. and 5.3)
is equal to the theoretical one (6 days). This discrepancy remains unexplained. In
addition, there is no obvious explanation for the rapid fall in Br- peak concentrations
between 0.8 and 1.0 m.

The negative effect that plants may have on the hydraulic regime of the wetlands is
reported by several authors (Bowmer,

1987~

Breen and Chick, 1995; Marsteiner et

a!., 1996). Bowmer ( 1987) suggested that plants may influence system performance
through channelling flow around the root mass thus causing short-circuiting. Breen
and Chick ( 1995) studied the rootzone dynamics in constructed wetlands and
concluded that root biomass developed in the upper zone of the wetland system
naturally directs flow to the lower zone, making it the path of least resistance.
Marsteiner et a/. ( 1996) hypothesised that plant roots may significantly reduce the
porosity and therefore overall retention time in subsurface t1ow wetlands. However,
the fact that the major portion of the flow travelled through the basal regions in both
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unplanted and planted tanks in this study suggests that development of root biomass
may not necessarily be a major cause of the preferential flows in wetland systems.
Other factors such as the location of the inlet zone (Watson and Hobson, 1989;
Steiner and Freeman, 1989; Cooper, 1993) or difference in chemical gradients along
the wetland (Rogers et a!., 1990; Breen and Chick, 1995) should also be taken into
account as well.

5.5. Conclusions

The tracer breakthrough curves demonstrated that there was a tendency for
wastewater to flow through the basal regions, indicating poor mixing between
different layers of the wetland system. This study showed that the actual hydraulic
retention time was similar to the theoretical one, which rarely happens in practice.
This was partly due to the fact that the evapotranspiration which occurred was not
compensated for by any water input by precipitation, thus the water balance was
different from that of a full-scale outdoor system.

The flow distribution was similar in both planted and unplanted tanks, suggesting that
plant root development in the shale substrate did not reduce the reactive volume of
the systems and thus did not have any negative effects on their purification efficiency.
In addition, no evidence of clogging was observed. This confirmed the good
properties of shale as a substrate found in a previous study (Drizo et a!., 1997).
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Chapter 6: Phosphate and ammonium removal in the field
system
6.1. Introduction

The greenhouse system based on shale as a substrate showed promising results for the
removal of phosphate (98% - 100 o/o in both planted and unplanted systems) and
ammonium (95 - 98°/o in planted and 50 - 75o/o in unplanted), using a synthetic sewage
solution (Chapter 3). Therefore, it was decided to test the shale in a full-scale system
using real sewage. This was necessary in order to check whether the results from the
small CWS, (with aspect ratio 2:1 and relatively low hydraulic loading rate of 0.0625
m3 m-2 day-1) were representative of larger systems. It is well known that small-scale
systems (0.5 m wide by 1 m long) maintain the desired flow regime more easily,
providing better contact between the influent and the substrate and therefore resulting
in higher quality effluent (Cooper and Findlater, 1990~ Moshiri, 1993). Moreover, it
had to be taken into account that greenhouse systems are protected from outside
factors such as precipitation, wind and evapotranspiration and therefore may not have
the same hydrological characteristics as an outdoor wetland system. As Kadlec ( 1987)
pointed out, coupling research on greenhouse/laboratory systems with open
ecosystems should lead to a better understanding of processes that influence and
control nutrient cycling within the wetlands.

Apart from allowing the hydrology of the system to be investigated, information on
larger, open systems' performance using shale as a substrate was necessary from the
practical point of view as it would enable an estimation of the applicability of shale
based systems to be made. As pointed out in previous sections (Chapters 3 and 4), a
lot of failures of C\VS in the past resulted from insut1icient laboratory investigations
ofthe materials chosen as substrates in the CWS. Data on H2P04-, NH4+, N03-,TP,

TN, pH, redox potential (Eh) and temperature (t) from the field site were expected to
provide better insight into the performance of a shale-based system.
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6.2. Methods

A full scale wetland system, constructed in 1987 by Fife Regional Council and located
on the north bank of the river Forth at Valleyfield, Fife, Scotland (Figure 6. 1) was
available for the trial to test the suitability of shale material. The position of the site
was very important as it lies in the vicinity of the Torry Bay, which is designated as a .
Site of Special Scientific Interest (SSSI).

Figure 6.1: Plan of location and sewerage catchment. Source : Wolstenholme and Bayes
( 1990)

The system was constructed with the aim of removing biological oxygen demand
(BOD) and suspended solids (SS). It consisted of four beds (each I 0 m long, 4.5 m
wide and 0. 6 m deep) with a design surface area of approximately 3 m2 pe-l. The
floor of each bed was covered by a plastic liner (Monarflex 500 and 750), necessary
to prevent percolation of sewage into the ground water. In addition, gabions (rockfilled wire nets) were placed along the inlet and outlet of each bed to secure an even
distribution of the flow through the system (Wolstenholme and Bayes, 1990) (Figure
6.2 shows a simplified plan of the

system~

Appendix 4 shows a detailed plan). Design

criteria were to serve a population equivalent (pe) of 60, with an average flow of
crude sewage of 15 m3 day -1, giving a hydraulic loading rate (flow per unit cross
section of the bed) of 0.625 m3 m-2 day-1 and nutrient loading rate of 0.083 m3 m-2
day-1 (flow per plan area of the bed). This was 10 times and 4 times higher than the

109

respective rates m the greenhouse systems (Chapter 3, Section 3. 2 ). Flow was
provided from a 150 mm diversion pipe from the main sewer which discharged into a
combined screen chamber and flow control. The influent fell into a double-acting
tipping-trough and discharged into a split chamber to give flow to the four beds.
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Figure 6.2: Plan of the Valleyfield reed bed system.

Under the contract with Fife Regional Council, from which the site was inherited, only
two (Beds 1 and 3, Appendix 4) out of the four beds were allowed to be used for this
investigation. Work on re-filling the two beds with shale commenced in January 1995.
The beds were drained and the flow was blocked off in order to allow time for the
material replacement. The existing material from the two beds was excavated down to
within 0. 0 1 m of the liner with extreme care not to cause any damage to the liner.
Plant roots were separated from the excavated material using a muck fork and left for
replanting. Shale was obtained from the same quarry (Cultshill, Ladybank) as the one
used as a source for the laboratory and greenhouse experiments. The two beds were
re-filled with 25 m 3 of material each, giving a pore space of approximately 7. 5 m3.
Roots of Phragmites australis were planted to a depth of 0.15 m from the surface of
bed 3, whilst bed 1 was retained unplanted to serve as control.

Water sampling started at the end of February 1995. From the very first sampling
occasion, several problems occurred in connection with the flow distribution. The
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10 - 15 days). The gabions were completely clogged with organic matter, resulting in
uneven distribution of flow across the beds, which led to the occurrence of surface
flows. There was also a major fault with the 'tipping trough' flow distribution system,
because the bearings which were supposed to hold it in a fixed position on the main
frame were missing. This prevented any control over the flow rates. It took the
following month and a half for the tipping bucket to be repaired and fixed back onto.
the main frame. However, after only two weeks of proper functioning the bearings
broke off and because of the lack of funding it was decided to make only a temporary
repair of the flow chamber, and this had to be checked every week subsequently.
Because of these problems, sampling was carried out only from June until September
and no data on winter performance were collected. Nutrient concentrations and flow
rates at the inlet and two outlets were monitored once a week during this three month
period.

Daily visits were made to the site the following spring, in the period between 29/03
and 04/04/1996, to investigate hydraulic residence time and flow characteristics of the
systems. Two bromide tracer tests were carried out: in the first one, sampling ports
were installed at four locations along the length of each bed (0. 5 m, 1. 5 m, 2. 5 m and
3.5 m from the inlet), and at three different depths (0.1 m, 0.2 m, and 0.35 m from the
surface of the shale) (Figure 6.3) similarly to the greenhouse study (Chapter 4). A
solution containing 20 g

r 1 ofBr- (as KBr) was prepared and 25 I were added to each

bed. The first set of samples was collected from each of the observation points (plus
the outlet) one hour after the tracer pulse application, using 50 ml syringes.
Monitoring of the tracer continued for 7 days, with samples taken once per day. In the
second tracer test, the same amount of bromide (25 l of a solution containing 20 g

r1

of Br -) was applied on the last day of measurements, and samples of wastewater taken
at the outlets, every I 0 minutes during one hour.
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Figure 6.3: Aerial view of the tracer observation pints.

Bromide concentrations were determined using an ion-selective electrode (Adriano
and Doner, 1982) (Appendix 3). It was also decided to monitor total phosphorus
(TP), total nitrogen (TN), H2P04- and NH + concentrations in order to check
4
whether there was any difference in performance of the beds after the first winter
season.

H2P0 4 - was determined using the standard ammomum molybdate method (DoE,
1980). NH 4 + was measured using the method by Crooke and Simpson ( 1971) and
N0 3- by the method described by Best ( 1976) using a Chemlab Instruments Ltd
continuous flow analyser.

Total phosphorus was determined according to a method by DoE (I 980), in which
organic P is converted into phosphate form during the digestion procedure with
concentrated H2S04. Total (Kjeldahl) nitrogen was determined using the slightly
modified method by Rowell ( 1994) in which organic N in the sample is converted to
NH4 + - N by digestion with concentrated H2S04, and the NH4 + - N is determined
from the amount ofNH3 liberated by distillation ofthe digest with the alkali.
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Additional samples were taken for measurements of pH, redox potential (Eh) and
temperature (I) in order to investigate the possible effects of these parameters on P
and N removal from sewage. pH and /~.:h values were by standard techniques described
by Rowell ( 1994 ), using a glass electrode, a reference electrode and a pH meter.
Temperature was measured using a combined oxygen electrode and temperature
recorder.

6.3. Results

6.3.1. Nutrient removal

Loading rates (plan surface area) and corresponding percentage removal rates (for the
period June- September 1995) are presented in Figures 6.4 for phosphate and 6.5 for
ammonium and nitrate. pH, Eh and temperature data are presented in Figure 6.6.
2

Despite rather high input loading rates of phosphate (between 3 and 5 g m- day-

1

,

concentrations of 36 to 60 g P0 4 m- 3) the overall reduction was relatively high in
planted beds (between 50 - 70%) while in unplanted beds it varied between 20 and 40
0

/o (Figure 6.4). The reduction in ammonium occurred only during the first two weeks

of sampling, and it was rather low in both the planted and unplanted beds (only 25
%). Moreover, in the remaining period of the investigation, ammonium concentrations

were higher at the outlets than at the inlets with an increased removal (to 50o/o in both
the planted and unplanted bed) occurring on only one sampling occasion on day 70
(Figure 6.5). Similarly to the greenhouse systems, nitrate inlet and consequently
outlet concentrations were extremely low (between 0.2 and 0.6 g m-~) with an
increase to 2 g m-) on one sampling occasion only (day 70). The removal rates varied
between 75 and 25 °/o, decreasing to zero and then showing an increase of up to 25 °/o
in August 1995 (days 40 and 55).

pH values were fairly stable throughout the period of investigation, ranging from 7 to
7. 5, being slightly higher than in a green-house tanks, which could have affected the
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performance of the systems (see Chapter 1, Sections 1. 7.4 and 1. 7. 5). Eh values of the
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influent ranged from -50 to -25 mY, being lower than the effluent values which were
between -25 and 0 mY. Temperatures were rather high during July and August
(between 22 and 25 °C), while in September the temperature decreased to between
10 oc and 15 oc (Figure 6.6).
10~------------------~

·--•-· Inlet
-•: · · ·· Planted bed
· ·-•· Unplanted bed

9

..

•
6

25r-------------------~

r---

0

•

f-

>

...
I

..

•
I

•

!i

-50 .,..i_ _ _ _ _ _ _ _ _ _ _-1

•

15 ....

10~-~l-~1

0

20

_ _~1-~1-~

40

60

80

1 00

Time (days)

Figure 6.6: pH. /:·h and temperature values for the period June - September 1996. Vertical
bars denote standard deviation (sd).

As there were no replicate beds in the field, statistical analyses could only be
performed to establish whether there was any significant difference in performance
between the planted and unplanted bed. ANOY A analyses (one-way repeated
measures) were performed, using SigmaS tat statistical sofhvare (Kuo eta/., 1992).
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The planted and unplanted bed were onlv statistically different with respect to P
removaL pH and Eh
Table 6.1: The effect of presence of J>hragmues on H 2P0 4_ - P. NH 4 - ~- !\0 3 - N. pH, Eh
and temperature.

Parameter
H2P04_

Unplanted/planted
BED 1 and BED3
p < 0.02

NH4-N

ns

NO--.-N
.)

ns

pH

p < 0.05

£11

p < 0.05

ns

The results ofTP, H2P04-- P, TN and NH4-- N analyses carried out in March 1996
are presented on Figures 6.7 and 6.8, below:
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Removal in both total phosphorus and phosphate (Figure 6. 7 b and 6. 7 d) was higher
in the unplanted than in the planted bed, but this difference was not statistically
significant. In addition, phosphate removal in both the unplanted and planted bed
decreased by approximately 10 °/o and 15 - 30 o/o, respectively, when compared to the
values from the previous summer

(Figure 6.4). On the other hand, removal of

ammonium in both the unplanted and planted bed increased by approximately 30 o/o 40 °/o (Figure 6.8 d).

6.3.2. Hydraulic regime

The majority of waste\vater travelled along the inlet and left-hand edge in both the
unplanted and the planted bed. The results of the first tracer experiment revealed that
only a small portion of the flow travelled through the beds, as only 16.7 °/o
(unplanted) and 10.4 °/o (planted) of the bromide tracer \Vas recovered. The mean
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hydraulic residence time at the outlets (for this portion of the flow) was between 2.5
and 3 days (Figures 6. 9 and 6.1 0).
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Figure 6.9: Bromide tracer concentration-time curves for 0.1, 0.2 and 0.35 m sampling
depths at different positions along unplanted bed.

The second tracer experiment (29/03-04/04/1996), carried out on April 4th, 1996
showed that the majority of bromide applied passed through both the unplanted and
planted bed in less than one hour (Figure 6. II a and 6. 11 b). The tracer curve of the
unplanted bed is characterised by a sharp peak and a rapid arrival at the outlet point.
Although the arrival peak of the planted bed was smaller, the hydraulic residence time
of both the unplanted and planted bed was the same and amounted to approximately
3 5 minutes. The overall recovery of the bromide tracer was better than in the previous
experiment, representing 94.5 °/o in the unplanted and 56.2 °/o in the planted bed.

118

JXpth 0.1 m

O.Sm

2.5 m

1.5 m

4.5m

3.5 m

100r-----------.------------.------------.-----------~-----------.

80 f60 f40
20 f-

0'

.. -

_.·.._~:'-'·,

.. ' ..

Dopth 0.2 m
100

I

g

80 ._

.2

60 f-

~'5
;::!

0

~

05

40 r20

'-

1

·=· ,
.L

0\

I:Npth 0.35 m
100~----------~----------~------------~----------~----------~

80 :...
60 r40
20

C:

\. l

0·.

0

:

;....:.._;._.

4

2

6

-----'

0

'-:·
4

2

-

C· '

6

\ .'

0

·~·

2

,·.

4

:~
6
0

l:

..

2

4

w~;_;_~ -~
6
0

2

4

_·w·~~~
6
8

Time (days)
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6.4. Discussion

Although phosphate remo\al m planted beds

\'>aS

between SO -75

° o (Figure 6 4 ),

the

overal l performance of the field systems was disappointing during the period June August 1995, especia lly with regard to am monium removal This is believed to be
caused by the poor hydra ulic design of the system s Fast surface fl ows, chanelli zation,
short circuiting and occurrence of preferential fl ows were obvious from the very first
visi t to the site The gabions were completely clogged and large areas of scum formed
around the inlets of both beds The same was observed in the remaining two beds
(Plate 6 I and 6 2)

Plate 6. 1 The vtew of the surface and preferential flows over the Valleyfield

constructed wetland system
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Plate 6.2: Another view of the surface and preferential flows over the Valleyfield
constructed wetland system .

Ammonium and phosphate retention by wetlands are largely dependent on the
sorption sites of the substrate (Richardson and Davis, 1987; Moshiri 1993 ; Sikora et

a!. , 1995). The poor performance of the Valleyfield systems could be attributed to the
insufficient contact time between the sewage and shale caused by the hydraulic design .
Low removal of nutrients is often associated with high input loading rate and short
h draulic retention times (Richardson and

ichols, 1987), which were the mam

hydraulic characteri tic of the field system In addition , the summer of 1995 was
extremely dry and was one of the warmest of the century resulting in no precipitation
and therefore little pos ibility of dilution of sewage within the system
po sible explanation could be an increa e in mineralisation of

Another

from bacterial cells,

root material , plant exudates etc The only increase in ammonium removal which
occurred on day 70 in both beds, probably resulted from a 33 % decrease in inlet
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loading, rather then improved overall nutrient cycling within the systems (Figure
6.5a).

Nitrate input and output loading rates were extremely low (below 0.05 g m-2 day-1,
except on one occasion) being typical of reduced environments (Figure 6.5 b). The
fact that there was no significant difference in nitrate concentration in planted and
unplanted bed indicates that plants contributed very little to the aeration of the system.

As overall phosphate and ammomum removal was strongly influenced by the
hydraulic design of the system it was hard to draw conclusions about the effects of
pH, Eh and temperature.

During sampling period in spring 1996 there was no significant difference observed
between TP and H2P04- values of the planted and unplanted bed (Figure 6. 7),
suggesting that plant uptake could only account for a very small fraction of the overall
P removal. Moreover, while percentage removal of phosphate in the unplanted system
remained in the same range of values (approximately 40 °/o) as the previous summer,
indicating that the adsorptive capacity of shale functioned even under poor hydraulic
design, the removal of the planted systems decreased by 25 °/o (falling from 70 to 45

%) (Figure 6. 7 c and 6. 7 d). This could be partially explained by the fact that plants
still had not reached their maximum growth at the time of collecting data, as well as
expected release of phosphate during winter, from the dead plant material
(Wolstenholme and Bayes,

1990~

Moshiri, 1993).

On the other hand, TN and NH4 + values were higher in the planted then unplanted
bed (Figure 6. 8). In addition, overall ammonium removal of both planted and
unplanted system improved for approximately 30 °/o in spring 1996, when compared
with the values from the previous summer (Figure 6. 5 b). There could be few possible
explanations for it. The oxygen availability within the system might have been
improved via an internal pressurisation and convective throughflow mechanism driven
by temperature gradients and water vapour pressure. The detailed discussion of these
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mechanisms is given by Brix (1993). Secondly, the BOD might have increased during
winter due to the accumulation of dead plant material, enhancing denitrification
processes in the planted system (Green, 1997; Moshiri, 1993 ). This might have
contributed to the improved ammonium removal rates in this bed. Lastly, precipitation
during the winter months resulted in the dilution of the water in both the planted and
unplanted system which might have improved the filtration and sedimentation
processes leading to an overall improvement in the beds' performance with regard to
ammonium removal.

The bromide tracer study carried out in spring of 1996 confirmed the short hydraulic
retention times and heterogeneous flow mechanisms in both the unplanted and planted
system. The negative effects which occurrence of preferential flows,

surface

channelling and short circuiting, as well as plant root development might have on the
performance of the wetland systems are discussed in Chapter 5 (Section 5.4). Tracer
test analyses carried out by Fife Regional Council in 1988 (one year after the system
was established) revealed short retention times and problems with the hydraulic
design. For example, it was pointed out that in a system with a single central inlet into
a gabion, fluid distribution is limited (Fife Regional Council, 1988).

Due to the problems experienced with a double-acting tipping-trough (Section 6.2), in
the present bromide tracer study, the inflow per bed was 2 - 4 times higher than
designed for (approximately 10 - 14 m~ d-\ Section 6.2), which limited fluid
distribution even more. Given the lack of a properly functioning pre-treatment unit, it
is not surprising that fast surface flows occurred along the edges of the beds and that
the majority of the tracer was recovered within less than an hour after application. In
addition, preferential accumulation of solids in the inlet zone may have caused
increased short-circuiting, causing parts of the beds to become dead-zones (Tanner
and Sukias, 1995). This suggests that poor field performance was not caused by shale
as a choice of bed medium, but by the problems with the wastewater distribution
across the beds and hydraulic design.
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6.5 Conclusions

The poor performance of field systems emphasises the importance of design in CWS
application for wastewater treatment. Hydraulic considerations of the system differ
with regard to the purpose of the treatment for which the CWS is built (Bavor, 1995;
Kadlec, 1995). Despite a very low phosphate and ammonium removal achieved in the
field systems, a lot of information had been gained regarding the design and the
functioning of a CWS. For example, it became clear that if the combination of the
screen as a pretreatment unit and gabions for the flow distribution is used, the CWS
has little if any chance to produce a good quality effluent. The use of the screen as a
pretreatment unit would also require frequent cleaning, which would increase the
overall costs of maintenance of the system. Although quite simple in construction, the
tipping - trough may not be the most appropriate system for the flow distribution. If
used, the bearings should be built of stainless steel or other material resistant to
corrosion. The system should be designed to cope with the maximum expected
loading rates for the particular population equivalent, as the performance of the
systems decreases significantly with increase in loading rates. Regarding the
mechanisms of nutrient removal, it would be interesting to investigate the amount of
nutrients which could be retained within sludge and sediments in the system (this was
not measured in this project). In theory, the removal rate constants calculated for the
greenhouse systems (Chapter 4) could be used to predict the performance of the fullscale systems. If it is assumed that the intended hydraulic loading rate (Section 6.2)
was achieved and maintained, then 60 °/o removal would be expected for both P and

N.

The investigation of the shale - based systems opens a new direction in the design of
CWS as most of the systems built to date in the UK use gravel as a substrate. Shale
proved to have better physical and chemical characteristics regarding P removal
(Chapter 2), better purifying capability regarding P, N (chapters 3 and 4) and BOD
(Elloriaga, 1996) and it is cheap and readily available in Scotland. However, because
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of the problems with the hydraulic design of the Yalleyfield systems, the application of
shale as a substrate in full scale systems remains a subject for further investigation.
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Chapter

7:

Phosphate

precipitation

on

shale

and

Phragmites root and rhizome surfaces

7.1.

Introduction

The mechanisms involved in the precipitation of phosphate in wetland soils and
sediments are discussed in Section 1. 7.4. 1. From the studies of P in soils and lake
sediments, it is well established that phosphate is often deposited on the surface of
relatively insoluble oxides and hydroxides of Fe and AI (Syers eta/, 1973~ Sawhney,
1977~

Gambrell eta/, 1990). This P is also called reductant soluble-P (RS-P) because

strong reducing agents are required to dissolve the coating containing the P (Faulkner
and Richardson, 1989).

The importance of this deposition process and its potential role in phosphate removal
from wastewater has been reported by several authors (Stuanes, 1984~ Faulkner and
Richardson, 1989~ Richardson and Craft, 1993~ Cooke eta/, 1993). The presence ofP
deposition on shale surfaces (packed in vertical columns), indicating the occurrence of
precipitation reactions, was observed in an earlier experiment, using the X-ray
fluorescence technique (Chapter 2). Therefore, initially, the idea was to investigate
whether P deposition occurred on shale and plant surfaces taken from the CWS in the
greenhouse and if so, to quantify the amounts of deposited coatings combining X-ray
fluorescence and scanning electronic microscopy techniques. This information would
help to calculate the total amount of P which could be retained within the shale
substrate of the CWS (combined with the data on the P saturation point, Chapter 2
and P removal by the greenhouse CWS, Chapter 3) and predict the longevity of the
shale based CW system.

Unfortunately, because of the detection limit ofthe analyser for P (concentrations of
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at least 1000 mg kg-1 were required to be detectable), and difficulties in defining the
boundary layers within the shale samples (how deep into the sample the electron beam
penetrates, i.e. does it detect only minerals at the surface or below as well ?), it
proved extremely difficult to quantify the amount of deposited P (D. James, pers.
comm). Consequently, a decision was made to use a chemical extraction procedure
instead. However, in their review of the application of this method in studies of P in
sediments, Pettersson et a/ (1988) concluded that although it was established four
decades ago (Chang and Jackson, 1957) it still has many limitations with regard to the
order of extractions, method of P analyses and the type of sediment investigated.
Therefore the results of this experiment provide only an approximate estimate of the
quantities of P which might be coated on the shale and root surfaces.

7.2.

Methods

7 .2.1. X-ray fluorescence analysis

In November 1996 (the end of the experimental period in the greenhouse), individual
samples of shale were taken from the points adjacent to the inlet and to the outlet end
of both the planted and unplanted tanks in the greenhouse (in order to compare the
difference between the two ends of the CWS). In addition, several Phragmites plants
were excavated from the same areas of the planted tanks in order to examine the
nature of the coatings on the root surfaces. The samples (roots and shale fragments)
were placed on trays and left to dry for 48 h at constant temperature (21 °C). They
were then cut into 20 - 40 mm sections and analysed using an energy-dispersive X-ray
fluorescence analyser (EDAX Stereoscan 604, Cambridge, UK). This technique is
based on bombarding the sample substance with the radiation from an X-ray tube. The
chemical composition of the material is obtained by measuring the intensity of the
radiation from the sample at different energies (Jones, 1990).
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7 .2.2. Chemical extraction

In the second part of the experiment, three different acids (ammonium acetate, 2 %
citric acid and 0.1 M hydrochloric acid) were used in an attempt to separate chemically
the extractable P from the shale surfaces. Because there is no established method for
this kind of investigation for shale, it had been decided to make four different trials:
three separate aliquots of 50 g of shale were equilibrated with 150 ml (weight to
solution ratio 1:3) of ammonium acetate and 150 ml of 2 °/o citric acid, respectively, for
24 h by continuous shaking on a rotating shaker at constant temperature (2 1OC), to
examine the difference in the quantities of extractable P when extractants of different
strengths were used. In addition, 0.1 M HCl was tested on a further 50 g of shale
(three replicates), with the time of equilibration decreased to 6 h. This was done in
order to avoid the possibility of attack on the areas below the shale surface, which
might have happened because of the greater strength of the HCl (Dr Tony Edwards,
pers. comm). In the last trial, further shale samples (three of each) were again treated
with 2 °/o citric acid, but the time of equilibration was extended to 32 h. In all four
cases, the quantities of deposited P dissolved by the reagents were determined using an
inductively coupled argon plasma spectrometer (ICP) (DoE, 1986).

7 .3.

Results

7 .3. 1. XRF analysis

Similarly to the earlier experiment (Chapter 2), changes in colour were observed on
the surfaces of all shale samples, regardless of the location within the tank, as well as
on the plant roots. The X - ray spectra of the coatings on untreated, unplanted and
planted shale samples as well as the root surface (two of each sample) are presented
in Figure 7. 1. The X-ray count rate is directly proportional to the chemical
concentration (Brindley and Brown, 1980). The spectra of the untreated shale and
samples taken from the planted tank had a similar shape, the important difference
being that unlike the untreated sample, a small P peak was detected on the shale
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samples taken from the planted tank (Figure 7. 1a and 7. 1c). In both cases, the most
prominent peak was Si, followed by AI and Fe. The shale samples from the unplanted
tank had a very different shape (Figure 7. 1b) with a 6 - fold higher Fe peak, and with
Si and AI peaks reduced to one sixth and one quarter, respectively, of their former
size (Figure 7. 1b), when compared with the untreated shale samples and those taken
from the planted tank. Spectra of the Phragmites root surfaces confirmed the
potential for metal deposition, with AI, Si, Fe and K peaks being similar to the
untreated shale and shale samples taken from the planted tanks, and the P peak being
similar to the one from the samples from the unplanted tank (Figure 1d). In addition,
the Ca peak was twice as large when compared with other samples and S, Cl, Cu and
Zn peaks became detectable.

7 .3.2. Chemical extraction

The results of chemical extractions showed that in both the unplanted and planted
tanks and in all 4 trials, the quantities of extractable P were higher at the inlet end
than at the outlet end of the CWS (Figure 7.2). In the unplanted tank, the P extracted
from the sample taken at the inlet end was on average 3 times higher than at the
outlet end (0.1 g kg-1 and 0.03 g kg-1 ), while in the planted tank it was eight times
higher (0.08 g kg-1 and 0.01 g kg-1 ). The quantities of P extracted are presented in
Table 7. 1. These data show that the highest amounts of P were extracted by 2 °/o
citric acid. The extended period of equilibration of 8 h (from 24 to 32 h) increased the
quantities of extractable P by a factor of 1. 6 - 3.

The amounts of P on the shale surfaces at the inlet ends of the unplanted and planted
tanks, as estimated by the extractions, should be treated with caution, due to the
limitations of the technique used. However, an attempt has been made to estimate the
amount of P which could be retained within the CWS due to the precipitation
reactions (based on the obtained values). The total input of P over the whole period
of investigation (309 days) was 174.4 g P, the total output in the unplanted tanks was
5.4 g and in the planted ones 0.8 g. Cumulative P adsorbtion for greenhouse tanks
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Figure 7.1: X-ray fluorescence spectra from shale and Phragmites surfaces.
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Figure 7.2: P extracted from shale surfaces by different reagents. Three replicate samples
of shale taken from points adjacent to the inlet and to the outlet end, respectively of both the
planted and unplanted tanks in the greenhouse (in order to compare the difference between the
two ends of the CWS). Each column is the mean of 3 replicate measurements. Vertical bars
denote standard deviation (SD).

(Chapter 4) showed that in the unplanted tanks, the total P uptake was 0.85 g P kg-1
while in the unplanted it was not significantly different, 0. 87 g P kg-1. If the values of
P precipitation from the inlets and the outlets of both the unplanted and planted tanks
are averaged for the whole CWS, the quantity of deposited P on the shale surfaces for
unplanted and planted tank are 0. 07 and 0. 04 g P kg-1 which amounts to only 7. 8 and
5 °/o, respectively, of the P removed from solution. This suggests that the extraction
method is not very efficient and that sequential extraction with increasingly powerful
reagents would be a better approach.
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N

VJ

-

1

6.6 ± 0.9

30.8 ± 4.6

-

3.9 ± 0.5

28.0 ± 5.0

19.7±1.7

43.9±3.7

24.2 ± 5.5

Planted

10.5 ± 2.8

178.5 ± 6.6

94.7 ± 2.1

262.7±5.9

168.0±3.8

Planted

± standard deviation.

24.6 ± 4.6

192.6 ± 3. 7

117.9±12.9

285.9 ± 9.2

168.0±3.8

Unplanted

2 °/o citric acid, 24 h

* Each number represents mean value of three replicates

Difference

Tank outlet

25.9±2.1

50. I ± 3.4

Tank inlet

Difference

24.2 ± 5.5

Unplanted

N H4 acetate, 24 h

Untreated material

Source of shale

P extracted (mg kg )

-1

69.6±6.7

363.2 ± 23.1

191.6± 11.1

485.2 ± 4.8

293.6 ± 6.3

UnJ!Ianted

20.3 ± 2.3

314.0 ± 4.0

125.1 ± 16.1

397.6 ± 29.8

293.6 ± 6.3

Planted

2 °/o citric acid, 32 h

Table 7.1: Phosphate extraction (mg kg- ) from shale surfaces treated by different reagents

7.6 ± 0.1

73.9± 5.1

885i 14.1

154.8± 19.4

66.3 ± 5.2

Unplanted

66 3 t 5.2

Planted

6.2 l 0.6

7'2.5 J '2 6

70.5 L 4.3

136 8 .i 9.6

0.1 M HCI, 6 h

7 .4.

Discussion

The results of these experiments provide only preliminary information about
phosphate precipitation reactions on shale and plant root surfaces. Nevertheless, three
important facts were revealed:
i) all the extractants removed significantly more P from the shale in the tanks than
from untreated shale, showing conclusively that P had been deposited as a result of
the use of the shale in the

cws~

ii) all the extraction experiments showed clearly that the deposition was heavily
concentrated near the inlet - the ratios of additional Pextr. (inlet)/ Pextr. (outlet) varied
from 11.6: 1 to 2.75 :1 in unplanted and from 11.4: 1 to 5.0: 1 in planted tanks.
iii) the deposited P was predominantly in relatively unavailable forms - the quantity
removed by NH4 acetate (i.e. the readily exchangeable phosphate ions) was much less
than that which could be dissolved by 2 °/o citric acid or 0.1 M HCl (Table 7.1 ).

The fact that P depositions were higher at the inlet than at the outlet end in both the
unplanted and planted CWS is in accordance with other studies, which showed that a
large proportion of wastewater pollutants in general tend to accumulate within the
limited area of the inlet zone (Reed, 1992; Davis and Cottingham, 1993; Bavor, 1995;
Wood, 1995). Patrick and Khalid ( 1974) found that under anaerobic conditions, soils
sorbed P from solutions containing high concentrations of soluble P. As P
concentrations in wastewater were higher at the inlet end than at the outlet (Chapter
3) it was expected that adsorption in combination with settling would result in higher
P depositions at the inlet end of a CWS. This turned out to be the case. Similarly, the
higher P concentrations in the wastewater in unplanted tanks than in planted tanks
explains the former's higher level of P deposition in both inlet and outlet. That the
difference between the inlet end and the outlet end in the planted tanks was higher (8
fold) than in the unplanted tank (4-fold) could be attributed to plant uptake combined
with the increased available surface area for precipitation due to the presence of plant
roots as the wastewater travels through the system.
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The most stable AI - P, Fe - P and Ca - P mineral compounds (in soils) are variscite,
strengite and fluorapatite, respectively (Talibudeen, 1981 ). Lindsay ( 1979) pointed
out that upon flooding, P in soils may be transformed from one mineral form to
another. For example, as redox potential decreases to the levels where Fe3+ reduction
occurs, magnetite (Fe304) becomes more stable than soil Fe(OH)3, the solid phase
iron which controls Fe.1+ activity in the soil. As a result, Fe3+ activity in the solution
drops, causing strengite to dissolve, thereby supporting higher P concentrations
which maintain the solubility product constant. With the further decrease of redox
potential, the point might be reached where, theoretically, vivianite, an Fe-P mineral,
becomes the most stable P-mineral. According to Lindsey ( 1979), variscite (Al-P) and
strengite (Fe-P) are frequently transformed to vivianite [Fe3(P04)2 8H20J in flooded
soil systems.

Results from the X-ray spectra analyses showed that, in the unplanted tank, there was
a large increase in Fe deposition and a small peak of P ( whiclt was absent for
untreated shale). The reduced peaks of AI and Si may be an artefact, due to the Fe
and P deposition, because the shale has a high aluminosilicate content throughout and
this would have not been removed. In the planted shale tank no such Fe deposition
was observed and therefore there was no deposit to obscure the AI and Si content. In
addition, the P peak was smaller in the planted than in the unplanted tank (this
difference could be due to the plant's uptake). The X-ray spectra of the root surface
confirmed the potential of Phragmites for metals retention as indicated in Chapter 3
(Section 3.3.4). This is also in agreement with Peverly eta/. (1995), who investigated
trace metal adsorption by Phragmites and suggested that metal precipitation occurred
due to the presence of a thin oxidized layer on the surface of the roots, described by
Brix 1994b). However, these differences in X-ray patterns between unplanted and
planted tanks are surprising, in view of fact that the chemical extraction results show
only a relatively small difference bet\veen unplanted and planted tanks. Additional
analysis, possibly using XRFs combined with scanning electron microscopy, are
necessal)' to be able to identify mineral transformations which occur on the shale and
plant surfaces.
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7 .5.

Conclusions

Although it was not possible to make a quantitative estimate of the surface deposits,
data from the X-ray spectra analyses were important for several reasons: firstly, they
confirmed previous findings that P does precipitate on shale surfaces (Chapter 2,
Section 2. 3. 3)~ secondly, they provided information on the range of elements which
may occur on the shale

surfaces~

thirdly, they confirmed the potential of Phragmites

for metal uptake. The results also support the theory on phosphate accumulation
within the inlet zone of a CWS (and are in accordance with the findings from Chapter
4). They also open a new direction for further investigations of P retention
mechanisms. For example, it would be interesting to make sequential extractions to
fractionate substrate phosphorus and quantify aluminium-bound P, iron-bound P,
calcium-bound P, reductant soluble P and organic P. This investigation could be
coupled with scanning electron microscopy and X-ray fluorescence analysis to
provide fuller information on the nature of P depositions which occur on the shale
and plant surfaces.
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Chapter 8: Discussion and conclusions
8.1.

UK needs for wastewater treatment and a role for CWS

The UK water industry has a record of service and expertise in providing relatively
densely populated islands with wholesome water and sewage purification. The
responsibility for water management in England and Wales relies at present on ten
water and sewerage companies and 21 water supply companies. In Scotland, the
organisation of the water industry and water-conservation practices has been different
from those of England and Wales, mainly for historical reasons and partially due to
the greater availability of water in Scotland (Adeloye et a/, 1996). One of the
consequences of this is that development of CWS technology for wastewater
treatment has progressed faster in England than in Scotland, although the largest
CWS that had been built so far in the UK (design population 12,000 p.e.) is situated
in Scotland (Rawlinson, 1996).

In November 1994, legislation was passed to create publicly owned water authorities.
Since then, the water authorities have assumed the ownership of all the existing water
and sewerage assets in Scotland, maintain them and take responsibility for their
operation. Also in 1994, legislation was introduced (HMSO, 1994) to form a Scottish
Environmental Protection Agency (SEPA), which started its activities in April 1996.
One of SEPA's primary objectives is the promotion of the cleanliness of rivers, other
inland waters and Scottish tidal waters, and the conservation - so far as practicable of the water resources of Scotland (Hills, 1995; SEPA, 1995). Currently, in Scotland,
over 90°/o of the population is served by a public sewage collection and treatment
system. Under-investment in infrastructure has allowed sewage to become the most
important factor causing poor water quality. For example, according to SEPA ( 1995),
it is estimated that £500 million will be required within the Forth catchment by 2005
to achieve the necessary improvements in environmental quality. The allocation of
finance will determine the rate at which this programme is implemented. An adequate
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level of spending is essential if public expectations are to be met and the country's
obligations under European Community law fulfilled (SEPA, 1995).

It is well known that statutory powers provide the means of enforcing remedial action

to reduce many pollution risks. However, the power provided by current legislation is
limited. For example, the EC Urban Waste Water Directive (UWWD) was proposed
back in 1991 and sets stringent new criteria for sewage effluents discharged to surface
and coastal waters, depending on both the sizes of sewage treatment works and the
sensitivity of the receiving water. As such, this Directive potentially has a special
importance in the area of waste water purification, as it represents the first attempt to
deal directly with nutrient enrichment by sewage effluent (Wilson et a!, 1996).
However, it has still (in 1998) not been adopted (Section 1. 1), and the selection of
sites for designation as sensitive areas has been left to member states. In the UK, for
example, this led to controversy and disagreement between the Government's
assessment and relevant bodies such as English Nature (EN) and former National
River Authorities (NRA) which deal with the conservation of freshwater 'Sites of
Special Scientific Interest' (SSSis) which are subject to eutrophication. Moreover, it
resulted in insufficient development of policy and legislation in the area of nutrient
enrichment, and despite currently being a water-quality issue, nutrient levels are not
subject to consent limits (Wilson et a!, 1996). Therefore, it is not surprising that
phosphate removal has not been studied in UK CWS to any great degree and that the
application of CWS for ammonium removal has only started to expand recently
(Cooper and Green,

1995~

Cooper et a!, 1996). The influence of planning authorities

is especially important, for example because of the potential implications of land-use
change on water quality. SEPA ( 1995) stated that the strategic planning should
encourage land zoning and planning policies which promote sustainability and which
are complementary to water quality objectives. In addition, it was further stated that
the liaison between the planning and drainage authorities should ensure that
development does not exceed sewer capacity. The parallel development of drainage
infrastructure with other development is a critical strategic principle necessary to
protect the environment (SEPA, 1995). However, in their State of the Environment
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Report 1996, SEP A pointed out that 'inadequate or overloaded sewage treatment
facilities continue to cause concern in specUic locations around the country. The solution in
most cases would he thorough investment of resources to provide or upgrade existing
sewage treatment .facilities'.

As was pointed out in Sections 1.1 and 1.2, historically, sewage collected from
sources near the coast used to be discharged, after screening, grit removal and
pnmary treatment only, through a long pipeline into sea areas of high natural
dispersion. By using the natural purification capacity of the sea, water suppliers
created the most economic solution for the customers. However, by the turn of the
century, the expected passing into UK law of the UWWD should ensure that
secondary treatment will be introduced for discharges from specified population
numbers to estuaries or coastal waters (Section 1.1, Table 1.1 ). The treated effluent
will have to be of a high enough quality to allow safe discharge to a nearby
watercourse. As pointed out in Section 1. 1, the quality of any discharge is measured
in terms of the demand that it makes for oxygen from the watercourse and its lack of
suspended solids, and the amounts of ammonia and other poisonous substances
present, all of which are critical to the well-being of river life (Hills, 1995; SEPA,
1995). In designated areas, secondary treatment of sewage and, in sensitive areas in
particular, the removal of phosphorus and nitrogen will be required. By being both
environmentally sustainable and economically viable, alternative wastewater treatment
technologies might provide the most appropriate solution for meeting these
objectives.

8.2.

CWS technology

The advantages and disadvantages of CWS technology were outlined in Sections
1.7.6 and 1.7.7. Although CWS are attractive because of the low costs of
construction and simplicity of operation and maintenance procedures, long-term
management of these systems will require thorough understanding both of their
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efficiency in removing waste constituents and of the physical, chemical and biological
factors that affect these processes.

8.2.1. Testing of new and cheap materials

The earlier chapters demonstrate the importance of the substrate in the immobilisation
of phosphate in constructed wetland systems. In their evaluation of the first ten years
of experience with CWS in UK, Cooper and Green ( 1995) stated that almost all
systems constructed since 1986/7 use gravel as a substrate. In the same study they
pointed out that, although the systems have performed satisfactorily, phosphate
removal had not been noted to any great degree. Therefore this thesis addressed this
problem~ an investigation has been carried out to select a substrate with the greatest

potential for P removal, and in view of the fact that the substrate represents a major
cost item in design of a subsurface flow CWS, due to transportation costs and labour
involved in handling and spreading (Steiner and Freeman, 1989), an etfort was made to
find a material that was both cheap and locally available, as well as efficient in P
removal. As a result of the work described in Chapter 2 it is concluded that shale has
many of the necessary properties and is the optimal substrate of the seven
investigated.

Moreover, shale is widely available, forming 60 °/o of the world sediments (Potter et

a!, 1980). Thick beds of mudstone and shale form predominantly in aqueous
environments and they represent a characteristic feature of river floodbasins, lakes,
estuaries, continental shelves and ocean basins. They are also found in many of the
formations of the Coal Measures (Potter et a/, 1980; Ridgway, 1982). In Great
Britain, shale deposits occur over wide areas representing practically all geological
periods. Since 1895, almost 1,600 million tonnes of common clay and shale have been
dug in the United Kingdom and annual production increased from approxi1nately 10
to almost 38 million tonnes in 1968. Despite the fact that the output had fallen since
then, the annual production was still over 25 million tonnes in 1978. Although the
output of clay and shale was overtaken by those of limestone, sand and gravel and
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indigenous rock in the early 1980s, the statistical data relating to the production,
consumption and trade of shale revealed that clay and shale remained the basis of an
industry with sales of over £300 million per year in 1982 (Ridgway, 1982). Shale was
mainly used for building and engineering brick, floor and roofing tiles and agricultural
field drains (Ridgway, 1982). Since then the industry has been in decline, leaving
behind millions of tonnes in waste heaps (R.B. Speirs, pers. comm.). The use of this
shale is therefore highly desirable, and may contribute to landscape rehabilitation.

8.2.2.

Efficiency of nutrient removal in a small-scale system

Both unplanted and planted small-scale CWS showed an extremely high efficiency and
achieved virtually a complete P removal (98 °/o of removal in the unplanted tanks and
99 % in the planted tanks). This remained true even when the influent concentration
2

3

rates were increased from 40 to 120 g m- , i.e. 0.8 to 2.4 g P m- day-

1

(Section

3. 3. 1). These results are particularly significant as they showed a higher efficiency of
P removal than reported in other studies (Richardson and Davis, 198 7 ~ Faulkner and
Richardson, 1989; Moshiri, 1993; Baver, 1995), where the CWS performances
ranged between 10 and 90 °/o, depending on the strength of wastewater entering the
system, the physical and chemical characteristics of the substrate, and design and
loading rates (Brix, 1993; Geller, 1997). For example, Brix and Schierup ( 1989)
investigated the efficacy of 25 CWS in Denmark (with an average age of 4 years) and
concluded that removal efficiency was poor (20 - 40 °/o ). Kadlec and Knight ( 1996)
reported that the three-cell, gravel-based CWS demonstration project in Benton,
Kentucky, which was monitored over a period of 19 months in 1988/1989, removed
only 7 - 19 °/o of the incoming total P, which entered at the moderate influent
concentration of circa 5 mg

r 1. They also

reviewed the data on the performance of

the seven CWS in Richmond, New South Wales, Australia, which were monitored
from June 1984 until May 1986, and stated that systems removed only 12 - 21 o/o of
the influent P, which entered at a concentration of 9 mg

r 1.

On the other hand,

Maehlum et a/ ( 1995) reported P removal from multistage systems which had been
installed in Norway, using especially manufactured material LECA as a substrate, to
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be as high as > 95 °/o, which is the highest removal efficiency reported in the literature
to date. In the present study, the pilot-scale shale based CWS were fed at the annual
rate of approximately 300 g m-

2

i

1

and were still able to remove 98 and 99 °/o after

1 1 months of monitoring. The fact that CWS remained highly effective even when the
influent concentrations were increased three-fold suggests a flexibility of the shale
based system to adapt to a range of concentrations (Haberl eta/, 1995).

A monitoring of the performance of the field systems, during the 3-month period
June-September 1995, further confirmed the efficacy of the shale as a CWS substrate.
Although the input loading rates of P in the field systems were extremely high
2

(between 3 and 5 g m- dai', equivalent to concentrations of 36 - 60 g m- 3 ), the
overall reduction in the planted beds was relatively high (between 50 and 70°/o) while
in the unplanted bed it varied between 20 and 40°/o (Figure 6.4, Chapter 6). The
second investigation of the field system's performance, carried out for one week, for
the period 29 March-4 April 1996 revealed the deterioration of the P removal
performance (Figure 6. 7, Chapter 6). However, as pointed out in Section 6.4
(Chapter 6) the field systems suffered from poor hydraulic design (preferential flows,
surface channelling, clogging of the substrate) and therefore it is not surprising that
they did not achieve better performance.

The small scale shale-based systems also demonstrated a high efficiency for
ammonium (NH4 +-N) removal. Although in the unplanted tanks NH4 +_N removal
varied between 40 and 75°/o, ammonium was completely removed in the planted
tanks. Similarly to P removal, NH4 +_N removal in CWS is highly variable and
depends on the type and composition of the wastew·ater entering the system, the
influent loading rates and physical and chemical characteristics of the substrate used
(Brix, 1993; Cooper el a/, 1996 ). The efficiency of 97-99 o/o achieved in the present
study is higher than in many other subsurface flow systems described in the literature.
For example, Scierup el a/ ( 1990) reviewed the performance of 71 mainly soil-based
Danish CWS employing horizontal flow, and found that the average efficiency of
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+

NH4 -N removal was 34°/o. Find later et a/ ( 1990) reported that the efficiency of

+
removal of NH4 -N from 43 UK CWS (which mainly used soil or coarse gravel as a
media) was rather low, approximately 15°/o on average, with a slightly better
performance observed in soil-based systems. Green and Upton ( 1995) reported the
performance of several CWS, established by Severn Trent Water, UK, for treating
secondary and tertiary wastewaters. The systems at Wetwood, Leeds, England were
constructed in 1992 as three terraced gravel-filled beds which, after one year of
operation, achieved only 29°/o removal of NH4 +-N, while the other system, at
Middleton, England, removed 32 °/o. Vymazal (1995) reviewed the performance of
seven CWS in the Czech Republic, using sand, gravel and their mixtures as substrates,
with particle sizes from 0 to 60 mm, and reported removal rates of 31 °/o. In their
overview on the performance of CWS in Europe, Haberl et a! ( 1995) stated that the
average

removal

of NH4 +-N,

in

268

European

systems

investigated,

was

approximately 30o/o and therefore the efficiency of the systems was not satisfactory.
Wood (1995) reported that, for 300 North American wetland systems ranging in size
2

4

2

from 40 m to 10 m , removal rates were on average 44°/o, while Kadlec and Knight
(1996) reported that NH4 +_N removal in seven pilot-scale CWS in Richmond, New
South Wales, Australia averaged 50 °/o.

In the current study, poor NH4 +_N removal was also observed in the field systems,
which were monitored during the summer of 1995. The removal ofNH4 +_N occurred
only during the first two weeks of sampling and it was rather low in both the planted
and unplanted system (25o/o). Moreover, in the remaining period of investigation,
NH4 +- N concentrations were higher at the effiuents than at the influents 1995 (Figure
6. 5, Chapter 6 ). As in the case of P removal, the extremely poor performance of the
field systems could be attributed to the unsatisfactory hydraulic design, which resulted
in the actual inlet flow rates exceeding the expected values three-fold (on average)
and thus increasing the inlet loading rates. As pointed out in Section 6.4 (Chapter 6)
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the apparent improvement in the ammonium removal by approximately 30-40°/o in the
spring of 1996 (Figure 6.8, Chapter 6) is more likely to have been caused by the
precipitation during winter months, than by a real improvement in the performance.

The relatively poor efficiency of NH4 +-N removal, in CWS systems, has been mainly
attributed to the fact that the amount of 0 2 present (either through release from the
roots or entering the systems from the surface) is not sufficient to support
nitrification. Therefore, it has been suggested that the efficiency of CWS for N
removal could be improved by introducing a vertical-flow design, employing
intermediate loading, or employing passive air pumps or mechanical pre-treatment
units which would enhance nitrification (Brix,

1993~

Haberl et a/, 1995; Green et al,

1997), or by adding an external carbon source (methanol), to enhance the activity of

denitrifying bacteria (Laber, 1997) (Section 1.7.5.6.). Such changes in the CWS
design have improved their potential for N removal to between 80°/o and 93°/o (Laber,
1997~

Sconborn eta/, 1997).

Faulkner and Richardson (1989) stated that N removal efficiencies via CWS up to 70
o/o could be achieved for inlet loading rates of between 20 and 30 g N m-

pilot-scale shale based systems in this study were fed with 180 g N m- 2

2

i

1

.

The

i 1 and still

maintained 99°/o efficiency in planted systems after 11 months of operation. This
confirms that planted systems can have a very high efficiency for N removal, but it can
not be determined from the present study whether the nature of the substrate played
any significant role in this.

8.3.

Conclusions from present work

8.3.1.

Substrate life expectancy

Bavor et a/ ( 1995) defined the life expectancy of a CWS as the period of time over
which sustainable pollutant removal can be achieved at its mean loading rate and
pointed out that it is particularly critical in the case of phosphorus. They further stated
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that design life expectancies have only been estimated to a limited extent and that the
uncertainty in relation to P presents a critical concern when assessing the practical
application of the CWS technology for waste water treatment. This is because it is
well known that phosphate accumulation in wetlands is a finite process and once the
systems is saturated it has to be replaced (Richardson and Davis, 1993 ~ Hiley, 1995).
Consequently, life expectancy of a CWS (designed for P removal) is dependent on the
capability of the wetland substrate to adsorb P.

Because of the poor performance of the full-scale systems (Chapter 6) and the
relatively short monitoring period, the results from this thesis are not sufficient to
forecast accurately the lifetime of a CWS using shale as a substrate. However, data
obtained from the batch experiment using phosphate solution (Table 2.4, Section 2.3)
and the saturation point of the substrate (Figure 2.3, Section 2.3) can be used to
provide an initial estimate.

If the observed saturation capacity were to be applied at a field scale, then one tonne
of shale could be expected to absorb in excess of 0. 7 kg of P. The quantity of
phosphate (P04) excreted per person per day is 3 g (Laak, 1986). In addition 4 g
P04 per person per day is discharged from cleaning compounds (Laak, 1986). This
amounts to a total of 7 g of P04 (or 2.3 g of P) per person per day. Most CWS use a
septic tank or similar settlement chamber as a primary treatment, to remove half of the
phosphorus in the accumulated sludge, resulting in a discharge to the CWS of ca. 1.2
g per person per day. Assuming the land area required to treat waste water from one
person is 5 m2, and the depth of the bed is 0.6 m (EC/EWPCA, 1990), 30 m3 or 45
tonnes of substrate would be needed to treat the effiuent from 10 people. If 12 g P d1 is excreted by those I 0 people, the total input of P per year amounts to 4.4 kg. If 45
tonnes of the shale substrate are used, and saturation is reached at 0. 7 g P kg-1
(Figure 2.3 b, Chapter 2), the total potential adsorption is 31.5 kg P, which in theory,
suggests a lifetime of 7 years. The pilot scale CWS established in a green-house
(Chapter 3, Section 3.4) showed that P adsorptive capacity is even higher, reaching
the values of 0.84 g P kg- 1 and 0 87 g P kg- 1 in the planted and unplanted tanks
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respectively, suggesting a lifetime of 9 years. As outlined in Chapter 2, P adsorptive
capacity depends, in general, on the surface area of the substrate, which in this
particular case, will depend on the mesh sizes used to screen the shale. In practice
there has to be a compromise between surface area (inversely proportional to size)
and hydraulic conductivity and so, the substrate particles should be chosen to be
neither too fine, nor too coarse.

Alternatively, adopting the design guidelines from Norway, which allow a land area of
10 m2 per person and a depth of 0. 9 m (Maehlum et a/, 1995), on the basis of these
calculations the life of the system could be increased to over 20 years. Such
calculations necessarily assume that flow through the substrate is well-distributed to
avoid channelling, but nevertheless they indicate considerable longevity may be
possible in a well-designed flow regime.

The life expectancy of a shale-based CWS could also be enhanced by including an
unplanted 'forebay• containing one tonne of shale per person at the inlet to the CWS.
This substrate could be excavated on an annual basis, which would result m an
increase in P retention and extend the life expectancy of the main planted CWS.

The extremely high efficiency for both P and N removal (Section 8.1.1) and the
estimated life expectancy of shale-based CWS could open a new direction in the
design of CWS, given that results from the literature to date indicate a typical life span
of CWS for P removal of only 2 - 5 years (Hammer, 1989~ Cooper and Findlater,
1990~

Moshiri, 1993; Kadlec and Knight, 1996). Bavor eta/ ( 1995) stated that long-

term P removal is achievable, as indicated by a limited number of studies such as those
of Kadlec and his co-workers (Kadlec et a/, 1994; Kadlec and Knight, 1996). The
only other investigations that indicate high potential of CWS for P removal as well as
the life expectancy are those carried out in Norway (ivlaehlum eta/,

1995~

Zhu et al,

1997). Maehlum eta/ ( 1995) suggested a possible life span of 20 years, but they also
pointed out that it will depend on several other parameters, such as plant root
development, loading rates and retention time. Zhu et a/ ( 1997) showed that a range
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of 12 different light expanded aggregates had P adsorption capacities of 3 7-3460 mg
P kg-'. They suggested that P adsorption capacity was a function of the chemical
composition of the LECAs which varies with their parent material, which is usually
clay or shale.

As pointed out in Section 2.1, one of the important criteria in making a choice of the
optimal substrate for a CWS is that material should be cheap and locally available.
One tonne of shale costs £5 and the price would increase by £2 for every 100 km of
transport distance (Mr Pearson, Wemyss Brick Co., pers. comm). Currently, there is
no production of the light expanded aggregate material in the UK - it is imported from
Norway (Dr Chris Turner, pers. comm). The selling price of the material is therefore
bound to be higher than that of shale, due to transport costs (shipping), and would
amount to approximately £45 per tonne (Geir Norden, pers. comm.). In addition, as
the production of LECAs requires energy, the overall suitability and cost effectiveness
of the LECA-based CWS remains to be explored.

8.3.3. The role of plants in the CWS

The role of emergent vegetation m P and N removal vta CWS was outlined in
Sections 1.7.4.2 and 1.7.5.5. Apart from the indirect role of plants in physical effects
(filtration of the organic and inorganic matter, insulation), as well as their contribution
to visual appearance, their major role is in nutrient assimilation (nutrient storage). The
presence of plants also provides the additional surface area for the attachment of
microbial micro-organisms and they are capable of translocation of 02 from their
stems to the rhizosphere by diffusion, thereby influencing aerobic degradation of
organic matter and nitrification (Brix, 1997).

In this thesis, the contribution of Phraxmites australis to P and N removal was
estimated by measuring 0 2 release from the plant roots (Section 3.3 .2.2), comparing P
and N removal in planted and unplanted tanks (Chapters 3 and 6), and assessing the
role of Phraxmite.'·; australis in vertical and longitudinal nutrient concentration profiles
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(Chapter 4) as well as in the flow patterns (Chapter 5). In addition, an attempt has
been made to investigate phosphate precipitation on root and rhizome surfaces
(Chapter 7).

The experiment measuring 02 release from roots and rhizomes of Phragmites was
conducted (Section 3 .2.2) as a preliminary study aiming to estimate the amount of 0 2
in the systems which could be attributed to the presence of plants. The results were in
accordance with studies carried out by other authors which show that macrophytes do
release oxygen but that the amount might be insufficient to support nitrification (Gries

eta!., 1990; Brix, 1990, 1997; Hiley, 1995; Geller, 1997).

The major emphasis was placed on monitoring the differences in P and N removal
rates between planted and unplanted tanks in a shale substrate. In the case of P
removal, the unplanted beds acted as a control and showed that, although the planted
tanks were superior in performance, a very high treatment efficiency was always
achieved by the substrate alone, throughout the whole period of investigation ( 11
months). The enhanced performance of planted tanks, when compared to unplanted,
was also demonstrated in a field system during the first period of investigation, from
June until September 1995 (Chapter 6, Figure 6.4) despite the poor hydraulic design
(Sections 6.3 .2 and 6.4 ). However, during the second investigation carried out in the
field systems during a period of one week (March 29-April 3, 1996), the performance
of planted systems deteriorated by 25°/o (Figure 6. 7). As pointed out in Section 6.4,
this decrease in the reduction of P could have occurred either due to the fact that the
plants had not reached their maximum growth at the time of collecting of the data, but
more probably, deterioration in performance of the planted system could have been
caused by the increased inlet loading of the planted system (when compared with the
unplanted) as well as subsequent release of phosphate which might have occurred
from the dead plant material during winter. The majority of studies which have been
carried out in the USA have demonstrated that as long as the CWS is designed
properly, when planted systems are compared with the unplanted, the former will
almost invariably show improved performance (Kadlec and Knight, 1996). However,

147

although aquatic macrophytes can store significant amounts of nutrients during their
growing season (Lawson, 198\ Reddy and De Busk, 1987), the majority of the
nutrients which have been taken up are frequently released again during winter (when
plants are dormant), and so the overall contribution of plants to P removal from CWS
via uptake is generally small, even if the plants are harvested (Hiley, 1995~ Cooper
and Green, 1995~ Brix, 199\ Brix, 1997). The P mass balance, based on the total
input and output P loading rates for the period July 1995-January 1996 (Section
3.3 .2.1, Table 3.3) showed that P uptake by above-ground biomass represented only
2o/o of the total inlet loading, again in accordance with the aforementioned studies
(Section 3 .4). The results from this thesis therefore suggest that plants account only
for a small portion of the removed P and that the majority of P removal occurs due to
physical/chemical reactions with the substrate, or incorporation into biological films.

However, the results of the spatial distribution of nutrient concentrations (Chapter 4)
have revealed that although both planted and unplanted tanks followed a similar
pattern of nutrient distribution, the presence of plants did have a significant effect on
P concentrations at all depths (except in November 1995) and throughout the length
ofthe tanks over the whole period of study (Section, 4.3.1, Figures 4.2 and 4.3, Table
4. 1). The effect of root-zone dynamics on nutrient concentrations within CWS was
also observed by Breen and Chick ( 1995), who indicated that significant chemical
gradients can occur within the below-ground profiles of the CWS. They further
suggested that the vertical differences, in particular chemical variables, can be
attributed to a combination of the distribution and density of roots within the profile
of systems and the hydraulics of the systems. A bromide tracer study which was
carried out in order to investigate the flow patterns within shale-based CWS (Chapter
5) showed that although flow patterns were similar in both planted and unplanted
tanks, with significant differences (0.02 < p < 0.05) between the bottom of the tanks
(35 em) and the two upper zones (20 and 10 em) (Section 5.3., Figures 5.1. and 5.2),
the difference in Br concentration between planted and unplanted tanks was
significant (p < 0.02). This confirmed that the presence of below-ground biomass
created different flow characteristics in the planted and unplanted systems. The
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heterogeneous flow mechanisms between planted and unplanted CWS were also
observed in the bromide tracer study carried out in the field in the spring of 1996
(Figures 6. 9 and 6. 10 and Section 6.4 ).

As outlined in Section 5.4, plants may have negative effects on the hydraulic regime
of the wetlands, through channelling the flow around the root mass thus causing
short-circuiting, and this has been reported by several authors (Bowmer, 1987~
Marsteiner et al, 1996). In their study of the root-zone dynamics in constructed
wetlands, Breen and Chick ( 1995) concluded that root biomass developed in the
upper zone of the wetland system tends to direct flow towards the lower zone, which
becomes the path of least resistance. However, the fact that a major portion of the
flow travelled through the basal regions in unplanted as well as planted tanks in the
present study suggests that the development of root biomass may not have been a
major cause of the occurrence of preferential flows in wetland systems. As stated in
Section 5.4, other factors, such as the location of the inlet zone, inlet and outlet
arrangements (Steiner and Freeman, 1989~ Cooper, 1993 ~ Copper et al, 1996) or
difference in chemical gradients along the wetland ( Breen and Cheek, 1995) should
also be taken into account.

Examination of precipitation on the surface of plant roots confirmed the potential of

Phragmites for both P and metals retention (Chapter 7, Figures 7.1. and 7.2),
although it was not possible to quantify the exact amount of deposited P. Additional
laboratory analyses, combining XRD with scanning electron microscopy would be
necessary to identify mineral transformations which can occur on both root and
substrate surfaces.

The amount of mineral N (NH-t. -N + NO:;--N) which can be removed from
wastewater via CWS by plant uptake is generally regarded as sn1all compared with
likely inputs. It depends on the influent loading rates, characteristics of the substrate,
aeration, development of the root biomass and the presence of micro-organisms
(Kadlec and Knight, 1996; Wood, 1995; Brix, 1997). However, as outlined in Chapter
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3, (Section 3 .4) the removal of N via above-ground biomass in this project accounted
for just over 50o/o of the total input loading rates (Chapter 3, Table 3.4). Moreover,
the work showed that NH4 +-N was completely removed in planted tanks (Chapter 3,
Figure 3.4 ), which suggests that the contribution of plants was substantial. Similar
results have been observed in studies by other authors (Breen and Chick, 1995~
Kadlec and Knight, 1996). However, as outlined in Chapter 3, (Section 3.4) the
differentiation between plant uptake and other mechanisms of NH4 +-N removal is
difficult because the below-ground biomass uptake was not evaluated. Although the
production ofN03-- N was not observed in planted tanks, and N03--N concentrations
were extremely low in both planted and unplanted tanks throughout the period of
investigation, ~ +-N could have been nitrified to N03-, which could then be
assimilated into the plant biomass (Zhu and Sikora, 1995~ Sikora eta!, 1995).

Despite high efficacy in N removal which was achieved in planted CWS in a
greenhouse, the performance of field systems in N removal was disappointing, with
NH4 +-N concentrations at the outlets of planted system often exceeding the outlet
concentrations of the unplanted system during the first period of investigation (June September 1995) (Chapter 6, Figure 6. 5). The improved performance of planted
systems which was observed during the second period of investigation in the field
(March 29 - April 3, 1996) could have been attributed to several factors (Chapter 6,
Section 6.4). The accumulation of dead plant material and litter during winter could
have enriched the systems with a carbon source, which could have stimulated the
processes of denitrification (Green, 1997). Also, the precipitation during the winter
months could have resulted in the dilution of the water in both planted and unplanted
system, which might have improved sedimentation and filtration of organic matter,
thus contributing to an overall improvement in the system's performance. Lastly, the
plants were at the beginning of their growing season, when they require N supply at
higher rates than during summer months (Lawson, 1977; Reddy and De Busk, 1987).
However, plants generally have limited nutrient assimilation capacity and during their
senescence, the nutrients which were taken up during the growing season are
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frequently released back to the water body (Richardson, 1985; Kadlec and Knight,
1996; Wood, 1995).

In addition to their capacity for P and N removal, the greenhouse CWS demonstrated
the potential of Phragmites to remove Fe and Mn (Chapter 3; Table 3 .3).
Hadjihristova ( 1994) suggested that many varieties of wetland plants are tolerant of
unusually high concentrations of metals because of the protective effect of iron plaque
which can develop around the roots.

Spatial distributions of nutrient concentrations in the greenhouse CWS have revealed
that the presence of plants did have a significant effect (p < 0.01) on N~ +_N
concentrations at all depths and distances along the tanks, with planted tanks having
lower concentrations throughout the period of investigation (Chapter 4, Section
4.3.2). In addition, Br tracer studies showed that there was a significant difference (p
< 0.02) between flow patterns between planted and unplanted tanks (Chapter 5,
Section 5.3). The same behaviour was observed in the field systems (Chapter 6,
Section 6.3.2).

It has been claimed that plants provide adequate 0 2 supply vta diffusion in the
aerenchyma thus contributing to the oxidative degradation of the organic material and
N compounds. However, results from the various studies conducted across the world

demonstrate that, in practice, the amount of 0 2 that can reliably be expected to be
released by plant roots and rhizomes is minimal in most horizontal systems employing
subsurface flow, and the effect is limited to the immediate environment around the
roots (Armstrong, 1990; Brix, 1994b; 1997). The waste\vater which passes through
the plant mass and surface litter biofilter is subjected to both aerobic and anaerobic
environments, filtering out suspended solids and organic compounds. The plants and
associated litter layer also provide a natural odour biotilter and add an aesthetic and
environmental appeal to the wastewater treatment unit. The role of emergent plants
in CWS and natural wetlands could be critically important, and if so their proper
management will contribute to the overall efficiency and longevity of the system
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(Mitchell et a!, 1995). The emergent macrophytes are adapted to growth in highly
organic, anaerobic sediments and are capable of tolerating 'shock' intermittent loads
of effluents. They also modifY the chemical environment of their rhizosphere,
facilitating a wide range of chemically and bacteriological mediated transformations
which collectively serve to improve water quality. As such, they are an indispensable
component of a CWS.

8.4.

Uncertainties and the need for further research

8.4.1. Longevity of full-scale systems

Although the performance of the pilot-scale CWS usmg shale as a substrate
demonstrated a very high P and N removal efficiency from waste water (Section
8.1.2), it is still difficult to say whether the results obtained from this pilot-scale study,
set up in a greenhouse, are representative of larger-scale systems. The performance of
CWS mainly depends on the characteristics of the applied waste water, substrate and
loading rates (Maehlum, 1995; Geller, 1997). Problems experienced with connecting
the pilot-scale CWS to a

supply of real sewage were described in Section 3 .2.1.

Although synthetic sewage has been successfully used as a substitute for real sewage
in wastewater treatment studies in the UK (information supplied by WRC, Swindon),
the measurements of BOD, which were carried out as part of a separate study during
April and May 1996, revealed that BOD loadings were between 75 and 150 g m-

3

(Elloriaga, 1996), these values being typical of sewage that has already passed
through the first stages of treatment. This was an important observation for the
estimation of the performance of the full-scale systems, given that biological growth
on substrate particle surfaces (biofilm) can reduce P sorption capacity (Maehlum eta!,
\995; Hiley, 1995).

Several researchers have stated that very often full-scale systems are not able to
achieve or maintain the performance that was predicted from the studies on smallscale projects. For example, Bastian and Hammer ( 1993) and Mitchell et a! ( 1995)
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pointed out that pilot-scale systems are often isolated from sun, wind and
precipitation and therefore atmospheric conditions are different from those of the fullscale systems. In addition, small-scale systems have a favourable area: volume ratio,
making them difficult to reproduce at the full scale. The latter systems are also
characterised by greater irregularities in substrate size, shape and placement, resulting
in different hydraulic conditions (King et a/, 1997). Also, in full-scale systems, the
time required for plants to reach their full growth is extended and therefore these
systems take longer to mature (Bastian and Hammer, 1993~ Mitchell eta!, 1995).

The efficiency of shale as a substrate in a full-scale field system (in this particular
study) was difficult to assess, due to its poor functioning. Problems experienced with
the pre-treatment unit emphasised the importance of this component in the design of a
CWS (Chapter 6). The same observation has been made by Geller (1997) in his
summary of the long-term practical experiences with horizontal subsurface flow
systems in German-speaking countries. He also stated that the main operational work
lies in maintaining the pre-treatment.

As pointed out in Section 6. 5, the investigation of the use of shale as a substrate
opens a new direction in the design of CWS, as most of the systems built to date in
the UK use gravel as a substrate (Cooper et a/, 1996). Shale demonstrated a high
efficiency for removing P and N from wastewater (which had passed through the
primary stage of treatment) and capability to cope with peak loads. However, because
of the problems with the hydraulic design of the field system, the application of shale
in full-scale systems remains a subject for further investigation. In the last few months,
such a system has been designed for the Scottish Borders which is intended to be
based on this substrate (C. A. Frost, pers. comm).

8.4.2. Processes - physical, chemical, microbial

Processes involved in P and N removal via CWS are discussed in Chapters 2 and 3
respectively. Phosphorus removal in a wetland occurs through a combination of
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processes: substratum adsorption, chemical precipitation, plant and algal uptake,
bacterial action and incorporation into organic matter, of which the substrate
adsorption may play the greatest role (Sections 1. 7.4 and 2. 1). This thesis has
addressed the problem of P removal via CWS (Section 8.2.1) through an investigation
of the physical and chemical properties of the phosphate-removing substrates. On the
basis of this investigation, a substrate was selected which was not only cheap and
locally available, but also showed the greatest potential for P removal (Chapter 2). A
series of experiments were conducted which demonstrated that a significant amount
of P (0.65-0.70 g P kg-

1

shale) can be removed from wastewater through the

processes of physico-chemical adsorption onto the substrate (Section 2.3 .2). It was
not possible in the current study to quantify microbial uptake of P because it was
impractical to sterilise the large quantities of shale and volumes of wastewater that
were used for the experiments. It is important to conduct such an experiment in the
future and this could be achieved using similar equipment to that described in Section
2.2.2.3, where the material would be sterilised, to destroy micro-organisms, prior to
the passage of waste water. This would help to determine the relative amounts of P
which are removed via CWS resulting from physico-chemical and microbial processes.

It should, however, be noted that sterilisation by autoclaving could cause changes in
the chemical composition of the material, and it might be preferable to use irradiation
methods. A large proportion of the nutrients which can be taken up frotn the system
via micro-organisms will be re-released during winter. Davis and Cottingham ( 1993)
pointed out that once a steady-state of biomass is reached within the CWS no further
removal of P will occur. In addition, Maehlum et a/. ( 1995) stated that biological
growth on substrate surfaces (biofilm) could reduce the P sorption capacity of the
material.

Although the planted tanks were superior in performance throughout the period of
investigation, the actual P uptake by plants contributed to only 2°/o of the total inlet P
loading (Section 3.4 ). In addition, no experiments were conducted to investigate the
uptake by algae and this remains to be quantified in future investigations.
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The predominant N removal mechanism in subsurface CWS is nitrification of NH4 + N, with subsequent denitrification of the N0 3- -N to form nitrogenous gas products
which can escape to the atmosphere (Section 1.7.5). The dissolved oxygen (DO) in
subsurface flow CWS is generally low and consequently, nitrification is considered the
rate limiting step for N removal (Davis and Hart, 1990; Sikora eta/, 1995). However,
it is generally believed that although low DO concentrations in CWS can inhibit
nitrification, it can still occur at faster rates in the rhizosphere where DO
concentration can be higher due to the plant's root oxygen release rates (Section
1.7. 5. 5). Ammonium removal from waste water was a secondary objective of this
thesis (Section 1.8) and as such was estimated through a long-term monitoring of the
difference in performance between planted and unplanted tanks in a greenhouse
experiment. Because of the time limitation, no experiments were conducted to
investigate Nat +_N adsorption onto shale particles, and this has yet to be
investigated. In addition, no experiments were conducted to measure nitrification or
denitrification rates. However, the fact that N03--N concentrations were extremely
low throughout the period of investigation (Chapters 3 and 4) indicates that
denitrification occurred at a rapid rate in the systems once NH4 +-N was nitrified. The
nitrification process may have been supported at the air-water interface, where
enough 02 could have been supplied to nitrifiers via diffusion in a layer 1-2 em in
depth (Mitch and Goselink, 1993; Sikora eta!, 1995).

As pointed out in Section 3.4 (Chapter 3), the difference inN~ +_N removal between
planted and unplanted tanks could have been due to plant uptake, as mineral N
removal via aboveground plant biomass accounted for just over 50°/o of the total N
input loading rates. The differentiation between plant uptake and other mechanisms
involved in NH 4 +_N removal is difficult because the belowground biomass uptake and
rates of these processes were not evaluated. Also, due to the large number of factors
that affect N removal via CWS, it is difficult to quantify the influence of each factor
separately (Section 3.4 ). The performance of the greenhouse tanks (Chapter 3)
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suggests that both mechanisms (plant uptake and nitrification/denitrification) may
have been involved, resulting in greater removal rates in the planted than the
unplanted tanks. It should also be taken into account that processes other than
nitrification, such as microbial immobilization and adsorption should also be
considered as potentially important mechanisms for removal of NH 4 +_N in subsurface
flow systems. However, similarly to P uptake by microorganisms, most of the N
which could be taken up by immobilization can be re-released to the water column
(Section 3.4 ). An interesting investigation for the future could be to study the
influence of carbon on N removal.

8.4.3. Comparison of performance with other systems

Data on performance of CWS in P removal are relatively sparse. Moreover, a
comparison between removal efficiency and life expectancy of the systems is difficult
because of the differences in operational parameters such as the loading rate, age of
the system, hydraulic design (subsurface, overland or vertical flow), type of pretreatment unit used, conditions of the vegetation, and the physical and chemical
properties of the substrate.

The majority of the CWS systems established in UK practice use gravel, with typical
sizes of 3-6 mm or 5-10 mm (Cooper and Green, 1995; Cooper et a/, 1996). Given
the promising performance of shale as a substrate which is demonstrated in this thesis,
further research could involve a direct comparison between the nutrient removal
performances of gravel and shale based CWS systems in both greenhouse and fullscale systems.

8.4.4. Problcn1s with the hydraulic design

Pre-treatment prior to the CWS is necessary to remove coarse and heavy solids. A
septic tank, properly sized, built and maintained according to the appropriate national
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regulations could provide a good pre-treatment unit (Steiner et a/, 1995~ Geller,
1997).

In their review of wetland systems in Australia, Mitchell eta/ ( 1995) pointed out that
both natural wetlands and CWS exhibited severe hydraulic short-circuiting, which
resulted in inadequate treatment of waste water and low quality of the effluent. They
further stated that short-circuiting problems are almost inevitable in continuous-flow
systems and require intervention either in the design of the system or in its
maintenance. To operate correctly, a subsurface flow CWS must initiate and maintain
all or most of the flow subsurface and horizontally through the permeable media
(Kadlec and Knight,

1995~ Cooper

et a/, 1996). In their performance evaluation

carried out on subsurface flow systems in the USA, Reed and Brown ( 1995)
concluded that surface flow which had occurred was caused by inadequate hydraulic
design and not by clogging. The further stated that flow design in subsurface flow
systems should be based on Darcy's law (Section 1.7.3, Equation 3) and that an
essential part of the CWS design is to accurately determine hydraulic conductivity and
porosity of the media to be used as a substrate in a CWS (Chapter 2). In their reviews
of CWS performance in the UK Cooper ( 1993) and Cooper and Green (1995) stated
that weirs should not be used for flow distribution because not only were they
expensive to construct but they also contribute to maldistribution of flow, which is
often caused by screenable material collecting on the edges. In addition, the channel
tends to act as a sedimentation tank and collects sludge and grit. Similar effects were
observed in the Valleyfield full-scale systems (Chapter 6).

Because of these problems experienced with the inlet flow distribution, there has been
a tendency to move to using a single manifold pipe with adjustable tees or orifices
spread along its length, where the size of the pipe and tees is dictated by the flow rate
(Appendix 5). However, Cooper and Green ( 1995) stated that these have not proved
ideal, either, and that the inlet flow distribution is one area where there is still need for
development. It is generally believed that, whichever system is used, it has been usual
to distribute the flow onto a 0.5 m wide area of large graded stones 50 - 200 mm in
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size, in an inlet area at the head of the bed (Cooper and Green, 1995~ Cooper et a!,
1996). It has been found that wire mesh gabions are useful to retain the inlet zone
stones in position while the media are being placed in the bed. The inlet zone stones
also serve as a secondary distributor and allow the level of water across the bed to be
equalised (Cooper, 1993).

The outlet collector is one area where the original design has worked well and the
system has not changed much over a decade. At the outlet end of the bed most
systems have a perforated agricultural drain-pipe enclosed in a 0. 5 m wide gabion
filled with large graded stones (50 to 200 mm) (Cooper and Green, 1995). It is
essential to provide a method for raising and lowering the water level in the bed.
Cooper ( 1993) recommended several ways:
i) to use a 90° -elbow with '0-ring' seals which allow the end of the pipe to be raised
or lowered by swivelling at the elbow (Appendix 6)~
ii) the vertical outlet pipe can consist of a series of socketed sections which can be
removed to drop the water

level~

iii) a piece of flexible pipe can be clamped in the required position. It is recommended
that the outlet arrangement should allow the water level to be maintained at any
position between 20 em above the bed surface and the base of the bed (i.e. liner level).
In addition, arrangements should be provided to allow for the outlet pipe to be flushed
clean.

Apart from the inlet distribution and outlet collection systems, one should be
particularly careful during the placement of the substrate in the CWS. For example,
the top of the substrate surface should be flat, in order to facilitate water level control,
vegetation planting and gro\vth, and prevent the formation of stagnant pools (Steiner
eta!, 1993 ).

Maehlum et a/ ( 1995) stated that the design variables for a CWS include:
characteristics of applied waste\vater, hydraulic loading, characteristics of the
substrate, retention time, control of flow path, type of vegetation and vegetation
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management. To optimise wetland treatment performance, it has been suggested that
different macrophyte-based wastewater treatment systems (for example employing
vertical or horizontal flow) should be combined with each other or with conventional
treatment technologies; these are called multistage systems (Brix, 1993; Wood, 1995).

The results from this thesis are in agreement with the idea of multistage systems. Such
system could consist of the following units:
i) mechanical pre-treatment unit; a bar screen and a settlement tank or septic tank; in
this unit settleable solids could be removed by sedimentation. In addition, BOD
concentration would be decreased, which is a prerequisite for a successful N and P
removal.
ii) several vertical-flow CWS laid out in parallel, planted with Phragmites; In these
units, the substrate (shale or gravel) would be kept largely aerobic by oxygen diffusion
from the atmosphere through the substrate surface and from the bottom via the drains,
which would enhance nitrification and consequently N removal from the waste water.
In addition, the vertical-flow units could be set up to have alternating loading (2-3
days of loading and 4-6 days of drying). In this case, air could also be drawn into the
substrate during the drainage cycle. In addition, during the drying period, the
suspended solids on the substrate surface would dry out and thus counteract clogging.
iii) two or more horizontal subsurface-flow CWS with continuous water saturation,
laid out in parallel, planted with Phragmites; shale is recommended as a substrate with
a high phosphorus fixing capacity. Phragmites would take up some of the remaining
nutrients in the effluent.

A multistage system of this kind has several advantages over the single unit systems:
with such a design, it is possible to regulate the loading pattern in the different units of
the system in accordance with sewage production and composition. Furthermore, it is
possible to take one or several units out of operation without having to disconnect the
se\vage from the whole system. Flexibility of design is also enhanced by providing
conditions to use ditTerent kinds of macrophytes, different substrates and flow
patterns. Further studies are required to improve the understanding of the removal
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processes, before the most appropriate system or combination of systems can be
selected and applied at a wider scale.
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Appendix 1

Com position of synthetic sewage

For each 1 I of tap water, the synthetic sewage is composed as follows:

160 mg of bacteriological peptone
11 0 mg of meat extract
30 mg of urea
7 mg of sodium chloride
4 mg calcium chloride dihydrate
2 mg magnesium sulphate heptahydrate
28 mg dipotassium hydrogen phosphate

If prepared as a 100 x concentrated solution, it can be stored at 1o C for up to 1 week,
and synthetic sewage made daily by appropriate dilution with tap water.

The synthetic sewage after dilution contains approximately 106 mg
carbon, 46 mg

r1

nitrogen and 5 mg

r1

phosphorus (DoE, 1981 ).

r 1 of organic

Appendix 2
Phragmites australis rhizomes and root development prior to and after 6 months of
growing in a shale substrate.

Appendix 3

Determination of bromide concentrations

Bromide concentrations were determined usmg an ion-selective electrode. 0.5 ml
ionic strength adjustor (ISA 1M NaN03) was added to 25 ml of sample in order to
ensure the ionic balance of the samples (Adriano and Doner, 1982). The electrode
was inserted into the sample beaker, and the solution stirred continuously for 50 s,
then the reading was taken. The electrode response to Br- concentration was as
shown in Figure A3. 1. The regression for the response was used to calculate the
concentrations in the unknown samples.
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Figure A 3.1: The electrode response to Br- concentration

Appendix 4

Detailed plan of Valleyfield reed bed system

The plan is enclosed in the pocket following this page.

Appendix 5
Inlet systems for a CWS
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Appendix 6
Outlet systems for a C\VS
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Appendix 7

Phosphate and ammonium removal by constructed wetlands with
horizontal subsurface flow, using shale as a substrate

9S

The capability of wetlands for decontamination of waste water has long been recognised in natural wetlands
in many parts of the world (Godfrey er al., 1985; Mitsch and Gosselink, 1993). However, the contrasts in
biological and physical characteristics between different wetland types. and difficulties in understanding or
predicting the efficiency of such systems, stimulated the development of artificially constructed wetland
systems (Hammer, 1989; Cooper and Findlater, 1990; Moshiri, 1993). The major components of such
systems which an: believed to contribute to waste water decontamination processes are the substrate, the
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Ammonium; constructed wetlands; nitrate; phosphate; Phragmites australis; shale; waste water

KEYWORDS

using shale as a substrate, in removal of phosphate (P) and ammomum (N) from sewage. Shale was selected
on the basis nf its physico-chemical properties and its putential for P removal, mvesugated in an earher
study. A labor<ttory-scale constructed wetland system (CWS) ernpluymg horiwntal sub~urface Ouw was set
up in a greenhouse, with and without Phragmilt'S australrs (reeds), and lis capo1city for s1muhancuus
phosphate and ammonium removal from a synthcuc sewage was monitored over a pcnud of ten months
Both the planted and unplanted systems showed an extremely high P removal of 911-100% over the whole
period of investigation. Ammonium N was also completely removed in the planted to1nks, whereas in the
unplanted ones the rates of removal vaned between 40 and 75%; removal of nitrate N vaned he tween 115 .md
95% in planted and between 45 and 75% in unplanted tanks. pH. Eh and temperature did ,not d1Her
s1gnaficantly among planted and unplanted tanks, but the mlct Eh was cunelo1ted w11h P rernovo1l (r• = 0 73; p
< 0.05). Thc presence of Phragmilt.'s australis contributed s1gnaficantly (p < 0 051 toP and N removal. In
addition the plants showed excellent growth (up to 2 m in the fnst year). with g<Kxl r<x1t and rh1zome
development. and showed potenual for heavy metal removal. It was concluded that the shale hascJ system
(which uses a readily ava~lable material) shows promise as a substrate fur constructed wetland systems. "'
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The CWS was housed within an unheated greenhouse without artificial lighting. Seedlings of Phragmites
australis were grown in a nursery bed of shale until they re~hed an average height of 0.6 m (4 weeks).
Eight 2SO 1 water laJ1ks were e~h filled with 200 kg of shale. The volume of the material in each tank was

Perfoanauce of the &reenhouse systems

METHODS

Figure I. The greenhouse set·up showing arrangement of tanks and reservoirs, and their dimensions (m). Only a
few plants arc shown.

1.0

In this experiment, shale was chosen as a substrate for a CWS after a rigorous comparison of the P adsorbing
properties of seven different substrates (Drizo eta/., 1996).

ii) the contribution of Phragmites australis to P and N removal from waste water, by comparing P and N
removal rates in planted and unplanted tanks and calculating the nutrient uptake by the above-ground
biomass.

i) simultaneous phosphate (P) and ammonium (N) removal from synthetic sewage in a greenhouse CWS,
over a period of 10 months;

In the case of phosphorus (P) removal, results from several authors (Mitchell, 1978; Richardson, 1985;
Swindell and Jackson, 1990) have shown that the immobilisation of P in constructed wetland systems
(CWS) occurs through chemical precipitation with metals (Fe, AI, Mn). substrate adsorption of phosphate,
b~terial ~tion, plant and algal uptake, and incorporation into organic matter. However, although substrate
adsorption is believed to have the greatest influence, the exact contribution of this process to P ~moval is
unclear (Williams et al., 1971; Cooper and Findlater, 1990; Moshiri, 1993). The removal of ammonium
(NH 4+) is largely dependent on the 0 2 supply. The bed medium is continuously water-saturated and
therefore generally anaerobic. The plants transport oxygen to the rhizosphere, thereby creating aerobic
rnicrosites adjacent to the roots and rhizomes in the otherwise reduced substrate. In these rnicrosites,
ammonium ions may be oxidised by nitrifying bacteria (Nitrosomonas) to nitrite and then (by Nitrobacter)
to nitrate. Conversely, at a greater distance from the roots, nitrate will be denitrified in the anaerobic ~gion
and emitted as gaseous nitrogen to the atmosphere (Brix, 1994; Hammer and Knight, 1994). The present
paper describes·

Long term phosphate, ~onium and nitrate loading rates (plan surface area) and corresponding percentage
removal rates are presented in Figures 2, 3 and 4, respectively. Virtually complete removal of phosphate (P)
was achieved over the whole period of investigation even when the influent concentration rates were
increased to 120 g m·3 (2.4 g m·2 day· I, Figure 2b) on the last two sampling occasions, for both planted and
control tanks. Ammonium was completely removed in the planted tanks, while in the control tanks it varied
between 40 and 75%, suggesting that the contribution of the plants wru; substantial, between 25 and 60%
(Figure 3). Nitrate ~moval at the outlets of planted tanks was between 85 and 95% (with the exception of
days SO and 230) while in unplanted thanks removal varied from 45 to 75% which suggests the contribution
of the plants was 20-40%; however, it should be noted that influent nitrate levels were extremely low

Perfonnance of ~reenhoyse tanks

RESULTS AND DISCUSSION

The performance of both planted and unplanted tanks in nutrient removal was recorded during the whok:
period of investigation. In January 1996, the above-ground biomass of the plants was harvested and the fre'h
weights recorded. Plant material was then oven dried and weighed to determine the dry matter content
Concentrations of mineral clements were then determined u:.ing an inductively coupled argou pla~111.1
spectrometer (ICP) (DoE. 1986).

Contribution of Phra~mjles WISLralis to phosphate and ammonium removal

The pump was set to operate 4 times each day for 50 minutes, at a rate of 3 I h·l. With this arrangement, 10 I
day-1 of waste water passed through the system, giving a retention time of 5 days, i.e. the system operated at
a hydraulic loading rate of0.0625 m3 m·2 d·l. The surface area of each tank was 0.5 m2. Real ~ewage was
used only at the beginning of the experimental period, in order to establish a microbialcommunuy simil ..tr to
the real CWS systems. The investigation continued using a synthetic sewage devised by DoE ( 198 I). which
was prepared every 5 days. The synthetic sewage (made up by mixing 7 different components:
bacteriological peptone, meat extract, urea, sodium chloride, calcium chloride, magnesium sulphate ami
dipotassium hydrogen phosphate) is widely used as a substitute for the real one in the Water Research
Council's waste water treatment studies in Great Britain. Such synthetic sewage after dilution contams
approximately 106 mg 1·1 organic C, 46 mg 1· 1 Nand 5 mg 1· 1 P (DoE. 1981) In order to inve~llgate the
capacity of the systems for phosphate and ammonium removal over a wider range of nutrient input
concentrations, the tanks were fed from two separate reservoirs; four of them (T I. n, T2 and T8) were fed
with average inlet NHf, NOf and H 2P0 4 · concentrations of 8-12 g m 3 (0.16·0.24 g m·2 day· I), 0.1·0 2 g
m·3 (0.002-0.004 g m· day· I) and 10-20 g m·3 (0.2-0.4 g m·2 day· I), respectively, while the remaining four
(T3, T5, T4 and T6) were fed with double these concentrations throughout the whole period of inve.,tigation.
After 10 months, the inlet phosphate concentration in tanks T3, T5, T4 and T6 was increased to 120 g m 1
with the aim to reach saturation. The nutrient concentrations in the synthetic sewage. at the inlets and outlc:h
of the tanks, were monitored every 5 days at the early stages of the experiment, and then onc.:e a week.
H2P0 4 • was detcanined using the standard anunonium molybdate method (DoE. 1980). Nll 4 • wa~
measured using the method by Crooke and Simpson ( 1971) and N0 3· by the method described by Be~t
( 1976) using a Chemlab Instruments Ltd continuous flow analyser. Additional samples were taken for
measurements of pH, redox potential (Eh) and temperature (t) in order to investigate the: possible cfft.:cb ol
these parameters on P and N removal from waste water. pH and Eh values were measured by !>tand.ud
techniques described by Rowell ( 1994 ). using a glass electrode, a reference elc:clrode and a pll meter
Temperature was measured using a combined oxygen electrode and tem~rature recorder.

four left unplanted as controls (Tl, T7, T3 and TS). They were left to grow for three months before
wastewater was applied. Each tank was connected to a reservoir containing 250 I of synthetic sewage:, via a
peristaltic pump, to circulate the wastewater through the wetland (Figure I).
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rhizosphere organisms.
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(Figure 4). pH. Eh and temperature values are presented on Figure 5. ANOV A was performed in order to test
the effects of season and the presence of plants on P and N removal, pH, Eh and temperature (fable I).

so a

Seasonal
variation
T 1,T7.T2.TR
p=0.19
p=O.OOI
p=0.67
p = 0.20xto-4
p=0.70xto-4
p=0.49xto-4

Seasonal
variation
T 1 .T'i.T4 .T0
p=0.72
p=!UJ04
p=0.13
p = 0.88xto·7
p=0.7txto-4
p=063xto·5

Planted
/unplanted
T1.T7,T2.TR
p=0.004
p=02oxlo-7
p=0.25
p = 0.83
p=!l083
p=077

Planted
/unplanted
T1.T'i.T4.Tn
p=0.004
p=0.12xJ0·5
p;:::0.04
p =I
p;:::0.49
p=0.78
T1.T7.T2.TR
p=0.2
p=O.OOI
p=0.97
p = 0.49
p=0.69
p=0.63

=

Interaction
T 1 ,Tc;.T4 .T"
p=0.65
p=0.004
p=0.46
p 1
p=0.71
p= 1

Interaction

Prior to planting
(March 1995)

60.3
1.8
0.2
262.0
43.8
5.7
119.0

Element/OM
(concentration)

DM• %
%
N
p
%
ppm
Fe:
Mn ppm
Cu ppm
Zn ppm

After 3 months growing in
shale
T2&T8
T4&T6
29.2 (± 0.14)
36.5 (± 5.10)
1.5 (±0.71)
1.9 (±0.14)
0.1 (± 0.05)
0.1 (± 0.02)
65.5 {± 6.15)
69.7 (± 10.87)
221.3(± 14.60)
294.5 (± 47.53)
10.4 (± 3.39)
13.3 (± 2.00)
35.3 {± 0.57)
32.7 {± 4.92)
After 5 months of receiving
synthetic waste water application
T2&T8
T4&T6
32.4 (± 3.07)
31.9 (± 4.56)
1.5 (± 0.14)
1.6 (± 0.32)
0.1 (±0.06)
0.1 (±0.01)
300.8 (± 24.80)
345.6 {± 24.00)
280.1 (± 23.80)
313.1 (± 39.90)
4.3 (± 0.03)
6.1 (± 1.70)
23.2 {± 5.23)
32.6 {± 3.22)

Table 2. Elemental analysis of plant material harvested prior to planting, after 3 months growing in shale,
and after 5 months of synthetic waste water application

Elemental analysis of the plants prior to planting, after 3 months growing in shale and after 5 months of the
waste water application showed almost no difference in P and N concentrations (Table 2). However, Fe, Mn
and Zn concentrations varied considerably (p < 0.05) for the three investigated periods: Fe concentration in
plants from T2 and T8 decreased by 75% after three months growing in shale and then increased 4.6 times
after five months of waste water application ( 1.1 times if compared with the value prior to planting); in T4
and T6 it followed a similar pattern. Mn concentration in T2 and T8 increased 5 fold after growing in shale
for three months, and then by a further 30% after 5 months of waste water application; in T4 and T6 it
increased slightly more. Zn concentration decreased by over 70% and then declined still further after a
further 5 months. Cu values doubled, then decreased to about the starting concentration but the result was
not statistically significant. In addition. an orange, oxidised iron colour was observed on root surfaces. These
results indicate the possibilities of Phragmitt:s australis for removal of Fe and Mn from waste water. Trace
metal absorption by Phragmites australis was investigated by Peverly et al. ( 1995), who also demonstrated
the precipitation of Fe on the root surfaces. It is possible that such deposits are important for the removal of
P from waste water, and future experiments will investigate Fe-P and Mn-P depositions using X-ray
fluore! r.ence and scanning electron microscopy techniques.

H2P04NH4-N
N01-N
pH
Eh

Parameter

Table 1. The effects of seasonal variation, presence of Phragmites and their mutual interaction on H 2P0 4·,
NH 4+-N, NOf-N, pH. Eh and temperature

The presence of Phragmites australis in planted tanks contributed significantly to H 2Po 4·, NH 4+-N and
NOf-N removal rates (Figures 2-4). However, at lower inlet loading concentrations {Tl, TI, T2, T8) for all
the investigated parameters, a statistically significant difference between unplanted and planted tanks
occurred only for H 2P0 4· and NH 4+-N, while for higher inlet loading concentrations (T3, TS, T4, T6) a
significant difference (p < 0.05) occurred for NOrN as well. Seasonal variation had a stronger effect than
the presence of plants on the changes in pH. Eh and temperature (Table 1). Plants are believed to have an
influence on substrate temperature by acting as an insulation layer and by providing additonal surface area
for the development of microbial activity (Wood, 1990). Their effect on the mean influent temperature was
not apparent in this study (Table I).

Contribution of Phrawrires australis to phosphate and arnrnonjyrn removal
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The presence of Phmgmites artstwlis contributed significantly to 11 2PO 4 · and NH 4 + -N removal rate~. but
their contribution in NOf-N removal was significant only for the h1gher inkt concentrations (T 4 and T6l In
addition, plants showed extremely good growth anti root development in the shale substrate. achieving ''
high total surface area for Fe. Mn and P uptake and deposition.

There was no statistically significant difference between planted and unplanted tank~ in pll. Eh <tllll
temperature values. However, there was a correlation between Eh values and P removal.

The unplanted constructed wetlands using horizontal subsurface flow showed a very high removal of P (9X%
throughout the whole period of investigation), with the addition of plants contributing an improvement of
just 1% to 99%. After the first year of monitoring the substrate remained equally effective. even when the
inlet loading rates were increased 3-f~ld (from 40 to 120 g m·3. i.e. 0.8-2.4 g P m·2 day·l) in order to
saturate the four tanks (T3, T5, T4 and T6) receiving the double inlet load. Although shah: used in tlus
experiment showed a P adsorption capacity in excess of 0.65-0.7 g P kg·l in an earlier study (Drizo et al ..
1996), values as high as 0.8 g P kg·l (unplanted) and 0.825 g P kg· I (planted) were achieved and the tanks
were still not saturated which suggests that this material is promising as a substrate for constructed wet lamb.
Ammonium removal was vinually complete in planted tanks. but in unplanted ones the removal dicienc1es
varied between 40 and 75%; nitrate removal eficiencies of 85 to 95% in planted tanks and 45 to 75% in
unplanted tanks were achieved, although concentrations were low in the inlet water.

CONCLUSIONS

After the plants were harvested in January 1996. total P and N uptake by above-ground biomass was found
to be 2.25 g m·2 and 26.2 g m·2, respectively (55 kg P ha·l y·l and 640 k.g N ha·l y·l ). The value for P is in
accordance with the values of 50 to 150 kg P ha·l year I suggested by Brix ( 1994 ), while: the value for N is
slightly lower (1000 to 2500 kg N ha·l y·l). However. it should be taken into account that mo~t olthe
nutrients accumulate in the roots and rhizome~ (Hiley, 1995) and therefore 11 IS hk.ely that the actual plant
uptake was much higher.
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