
3 Bibliographical Review

3.1 Constructed wetlands

A CW for waste water treatment consists in a gravel bed which is rooted by helophyt
plants. The system is loaded with primary treated wastewater. In most of the cases
the preliminary treatment is a simple decantation. A study has shown that a physico-
chemical treatment of the in�uent residual water helps to avoid a fast clogging of the
gravel bed. [GRCO+07].

Depending on the designation of the wetland it can be designed di�erently. Design com-
ponents are the water �ow,the type of plants and the gravel bed. To obtain a optimal
treatment di�erently designed wetlands can be combined. In respect of the water �ow,
CWs are distinguished in surface or a subsurface �ow systems. In the case of subsurface
�ow CWs the water can be conducted horizontally or vertically. The water supply can
be continuous or intermittent. Batch operated CWs enhance the redox conditions in the
gravel bed and cause a better reduction of BOD and ammonium [COG06].

Another point of modeling are the type of plants grown in the wetland. Most of the
CWs are planted with reed or cattail. One important task of the plants in CWs is
the in�uence of their roots on the hydraulic water �ow. In the case of a subsurface
horizontal �ow CW the roots play a role in the supply of oxygen in the deeper anoxic
parts. The plants don�t retain or transform a signi�cant amount of nutrient. Most of
the nutrient transformation is done by the microorganism in the bio�lm at the gravel
and roots. Their release of oxygen in�uences the redox condition in the wetland and
the nutrient reduction activity of the microorganism. Comparing planted and unplanted
systems it has been shown, that planted CWs have a higher performance for removal of
BOD, nitrogen and phosphorus and a decelerated adsorption saturation and clogging.
Di�erent types of plants did not a�ect the removal e�ciency of BOD and ammonia.
In a study a removal rate of 80% percent was observed for di�erent types of plants.
The tested plants were Phragmites, Zizania, Typha, and Canna. The T-N removal rate
and nitri�cation rate changed with di�erent makrophytes. Canna and Common reed had
the highest capacity in removing NH4-N, NO3-N, NO2-N, total N and total P. [TPR+06]
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Figure 3.1: subsurface �ow constructed wetland[KK96]

3.1.1 Removal capacities of wetlands

CWs in general have a good performance in removing nutrient. Comparing systems from
allover the world the reduction e�ciencies were: 85% BOD, 75 % COD, 83 % TSS, 41%
TP, 42% TN, 48 % NH4-N, 35 % NO3-N. [Vym05]
It has been shown that in case of subsurface �ow CWs the removal e�ciency diminished
with a increasing depth of the wetland.

Table 3.1: Removal E�ciency for Subsurface �ow CWs of Varying Depth (adapted from
Garcia et al. ,2004a) [WK06]

wetland depht COD BOD Ammonia disolv. react. Phosphorus

0, 27m 70− 80% 70− 85% 40− 50% 10− 22%

0, 5m 60− 65% 50− 60% 25− 30% 2− 10%

3.1.2 Important Reactions in Wetlands

A wetland is a very complex system with a multitude of chemical elements and com-
positions. Besides the chemical reactions there are biochemical and biological reactions
going on. Referring to the destination of a wetland the most important reactions are
the ones that are necessary for the retention and the diminishing of nutrient and pollu-
tant entering with the in�uent. A typical wastewater carries huge amounts of carbon,
nitrogen and phosphorus in dissolved and particulate forms.
The following part gives a short description on their reactions in the wetland. [WK06]
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Table 3.2: Typical Per Person Combined Sewage Generation Rates (adapted from U. S.
EPA, 2002b. )[WK06]

BOD5 Suspended Solids Nitrogen Phosphorus

63, 2 70, 7 11, 2 2, 7
grams/person* day grams/person* day grams/person* day grams/person* day

Carbon and Organic Matter

The carbon in the wastewater is bound in many di�erent chemical compositions, mostly
organic materials. Carbon is a fundamental and limiting nutrient for almost all microor-
ganism in the system. But not all carbon forms can be used by the present microorgan-
ism. For example humic substances are not easily biodegradable. Because of that, the
di�erent carbon forms are classi�ed by their biodegradability, from easy to not degrad-
able. The biodegradtation takes place at the bio�lm that covers the gravel, plant and
other compounds of the wetland. In comparison to the metabolic rate of carbon used by
the microorganism the carbon uptake of macrophyts in the wetland is negligible. The
biodegradation can be aerobic or anaerobic. The aerobic biodegradation is way faster
than the anaerobic and it is the dominant reaction in areas with a high redox potential.
The respiration of organic matter by heterotrophic bacteria in presence of oxygen can
be described with the following equation:

OrganicMatter +O2
bacteria−→ CO2 +H2O (3.1)

Or in the special case of glucoses, one of the fastest biodegradable organic compositions,
the equation would be:

C6H12O6 + 6O2 −→ 6CO2 + 6H2O (3.2)

Another carbon source is the CO2 of the atmosphere. Autotrophic bacteria are able to
bind the CO2 directly from the air. Their carbon source is unlimited but other factors
like the quantity of nitrogen or phosphorus in the system limit the growth.
In the absence of oxygen in the deeper parts of a wetland, anaerobic degradation takes
place. The anaerobic degradation of organic matter by anaerobic bacteria proceeds in
several steps. [WK06]

Fermentation and Methanogenesis Bacteria gets its energy through fermentation.
Fermentation is the oxidation of organic carbon. Fermentation basically takes place in
the anaerobic parts in a wetland. The primary end products of fermentation are fatty
acids, for example acetic- and lactic acid, and ethanol.
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acetic acid fermentation:

C6H12O6 −→ CH3COOH (3.3)

lactic acid fermentation:

C6H12O6 −→ 2CH3CHOHCOOH (3.4)

alcoholic fermentation:

C6H12O6 −→ 2CO2 + CH3CH2OH (3.5)

In �ooded soils acetic acid is the most abundant end product produced by fermentation.
In a next step the acetic acid is used by methanogens. Methanogens are strictly anaerobe
bacteria that produce methane. Despite of the acid forming bacteria ,the methanogens
are very sensitive and highly a�ected y the pH in the wetland. [WK06]

acetic acid methanogenesis:

CH3COOH −→ CO2 + CH4 (3.6)

The CO2 produced in the system and entering from the atmosphere can also be used as
electron acceptor in the anaerobic respiration.

carbon dioxide methanogenesis

4H2 + CO2 −→ CH4 +H2O (3.7)

The anaerobic degradation of organic carbon is very slow. In comparison the aerobic
degradation is faster and much more important. Despite that fact the anaerobic degra-
dation can predominate in subsurface �ow CWs with a huge anaerobe zone.

Sulfur

If there is sulfate in the wetland it is used for the anaerobic respiration of organic carbon.

sulfate reduction:

CH3COOH +H2SO4 −→ 2CO2 + 2H2O +H2S (3.8)

Sulfate reduction is an indicator for anaerobic zones in the wetland. The oxidation of
sul�de only takes place in the aerobic parts of the wetland. Sul�de in the water create
a higher oxygen demand.
[WK06]
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Figure 3.2: simple nitrogen cycle [WK06]

Nitrogen

Similar to sulfur the chemical form of nitrogen present depends on the redoxcondition
in the wetland. In waste water the main form of nitrogen is ammonium. Once the
ammonium enters the wetland, it is transformed in the respiration cycle of the di�erent
microorganism in the wetland.

Recent studies have shown that there are a multitude of transformation reactions go-
ing on. The removal mechanisms include plant uptake, adsorption, ammoni�cation,
volatilization, nitri�cation and denitri�cation. The most common transformations are
the following ones:

Nitri�cation Under aerobic condition the ammonium is used by the nitri�cating bac-
teria Nitrosomas (Nitrospira, Nitrococcus) and nitrobacter for their respiration. These
microorganism are chemo- litho- autotroph. Carbon dioxide is the carbon source and
ammonium is the electron donator. The transformation to nitrate is carried out in two
steps:

nitrosomas:

2NH+4 + 3O2 + 2H2O −→ 2NO−2 + 4H3O
+ (3.9)
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nitrobacter:

2NO−2 +O2 −→ 2NO−3 (3.10)

The nitrite produced in the �rst step is very toxic for aquatic organism. But usually the
nitrite concentration in the water is very low because the nitrobacter grows faster than
nitrosomas. A immediate transformation of nitrite to nitrate takes place.

Denitri�cation Denitri�cation proceeds under aerobic as well as under anaerobic con-
dition. Not only bacteria but also some fungi can reduce the nitrate and nitrite to
volatile nitrogen or nitrogen oxide gases.

NO−3 → NO−2 → NO → N2O → N2 (3.11)

nitrogen reduction:

CH3COOH + 4/3NO3 −→ 2CO2 + 2H2O + 2/3N2 (3.12)

Denitri�cation is temperature dependent and a�ected by the available amount of carbon.
The ratio C:N should be more than 5:1. The carbon source does not necessarily have to
be organic carbon. Methanol also can be a carbon source for the microorganism.

Volatile ammonia The transformation of ammonium to ammonia gas is a physiochem-
ical process. It gets signi�cant if the pH is above 8 and the relation NH3(aq) : NH+4 is
1 : 1.

NH3(aq) +H2O −→ NH+4 +OH− (3.13)

Factors that in�uence the quantity of volatile ammonia are the NH+4 concentration in
water, temperature, wind velocity, type and number of aquatic plants and change of the
pH.

Phosphorus

In natural systems phosphorus often is the limiting factor. Free phosphorus is absorbed
immediately. Through biodegradation most of the absorbed phosphorus is liberated
again. It does not leave the system in gaseous form, like CO2 and N2. That is why the
retention and diminution for phosphorus in wetlands is not as e�cient as for example
for nitrogen and carbon.

3.1.3 Gases in subsurface �ow CWs

The gases dissolved in the water body of a wetland have various origins. Either they
entered with di�usion and convection from the atmosphere, moved by a concentration
di�erence. Or they have been produced in the wetland as a byproduct of reactions and
the respiration cycle of microorganisms.
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The atmosphere consists of :

Table 3.3: Existing gases in the earth�s atmosphere

gases N2 O2 Argon CO2

massfraction 78, 084% 20, 946% 0, 93% 0, 03%

Other gases like Helium, H2,CH4, O3 and H2O are present in very low concentrations in
range of ppm. Their mass transfer from atmosphere in the wetland stands in relation to
their partial pressure in air and their speci�c solubility.

Some of the gases produced in the system are:

CO2 (3.1),(3.2),(3.5),(3.6) ,(3.8),(3.12);

CH4 (3.6),(3.1.2);

Nitrogen oxides (3.11);

N2 (3.11) ,(3.12);

NH+4 (3.13);

H2S (3.8)

These autochthonous produced gases are of a special interest in respect to their e�ect
on the climate. CO2, CH4 and N2O are also called greenhouse gases because of their
in�uence on global warming.

3.1.4 Oxygen in wetlands

On the way through the wetland DO is consumed for respiration, sediment oxidation
and for the dissolved CBOD and NOD. As Oxygen is a strong acceptor for electrons
and reacts with almost every element of the periodic system, it is fundamental for the
nutrient reduction processes that take place in a wetland. (3.1),(3.2),(3.9),(3.10)

The biodegradability of organic matter is de�ned by its oxygen demand:

COD chemical oxygen demand; it is determined by oxidizing the in acid dissolved or-
ganic matter with bichromate

BODn biochemical oxygen demand in n-days; The oxygen uptake by microorganism in
n - days in a 300 ml bottle in the dark at 20◦C is measured
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Figure 3.3: biodegradability of organic matter [KK96]

CBOD carbonaceous biochemical oxygen demand; measured like the BOD in presence
of a nitri�cation inhibitor

NOD nitrogen oxygen demand; the di�erence between the BOD and CBOD

Wastewater is loaded with organic carbons that can be classi�ed in respect on their later
decomposition. A high value for the COD and a low value for BOD5 is a indicator for
badly biodegradable organic matter, or the presence of a toxic substance that inhibits
microbiological growth. An approximately equal value for COD and BOD signi�es easy
biodegradable organic matter. The oxidation of organic material liberates more energy
than the nitrogen oxidation. Thats why BOD removal will proceed predominantly to
the NOD removal.

Not only the presence but also the absence of oxygen is an important factor in a wet-
land. Certain reactions only take place without oxygen, for example the fermentation
(3.3),(3.4),(3.5) and methanogenesis (3.6),(3.1.2) . They are biochemical processes that
only happen under anoxic conditions; the necessary bacteria is fastidious anaerobe. In
the anaerobe zone of the wetland sulfate and nitrate can function as alternative oxygen
source (3.12),(3.8).
In a CW with vertical �ow there are di�erent layers. The aerobic layer is close to the
surface and the passing water has a high concentration of oxygen close to saturation.
Going deeper in the CW there is the facultative aerobic layer. Oxygen is still existent
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but in lower concentration. And �nally there is a anoxic ambiance.

Figure 3.4: di�erent zones in a wetland with the corresponding redox potential and
oxidation-reduction reaction[KK96]

The gravel in the wetland is covered with a bio�lm of di�erent microorganisms, which
immediately consume the DO. The bio�lm activity depends on the DO concentration in
the liquid. The composition of the bio�lm changes with the depth of the wetland or with
di�erence in the circumstances. The sediment of CWS is composed of detritus. One part
of the detritus is produced in the wetland as byproduct of the carbon �xation and one
part consists of precipitated solids brought with the in�uent waste water. Because of
the oxygen demand for decomposition in subsurface CWs, the sediment often has anoxic
conditions. But there can be a certain oxygen transfer through the roots of makrophyts.
In comparison this oxygen release is very low. Most of the oxygen transported from the
leaves to the roots is consumed by the plant itself.

The DO level wetlands work with, depend on the soil, sediments and the biota of the
speci�c wetland and on the BOD and NOD loading of the in�uent. Most wetlands have
a DO of 1 to 2 mg/l.
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Oxygen can also be produced in the system by algae as a byproduct of algae photosyn-
thesis. The respiration of microorganism, animals and plants in the wetland vary due
to the diurnal photosynthesis - respiration cycle. The photosynthesis takes place during
the daytime, as long as there is enough sunlight.

CO2 + 12H2O −→ C6H12O6 + 6O2 + 6H2O (3.14)

The concentration of the produced oxygen reaches his highest altitude around 16. 00. If
there are su�cient nutrients and the algae in the system have enough light the oxygen
concentration can get very high even beyond saturation level. Concentrations of 15
to 20mgO2/l can be reached. In the moment the sun falls the oxygen concentration
decreases, the respiration processes consume the DO, in extreme cases the oxygen gets
below 1mgO2/l. These high variations are typical for open water with a huge algae
bloom. In wetlands with Makrophyts the variation is lowered. The plants impede the
algae photosynthesis and oxygen processing is more complex. [KK96]

Oxygen sag curve

The oxygen sag curve describes the phenomena that after a su�cient travel distance
waste water with low DO begins to recover oxygen by reaeration through external
sources. This e�ect can be observed in polluted streams and in wetlands.
For the determination of the sag curve a DO balance on the length of the wetland is
made. As there are no studies that evaluate separately the oxygen a�ecting processes
like photosynthesis, respiration,plant aeration �ux (PAF) and decomposition DO de-
mand (DOD) , they are put together to the wetland oxygen demand (WOD). [KK96]

Q[CDO(L)−CDO(0)] = (A)
(
rNOSR +aNQ[CN(L)−CN(0)]+aBQ[CBOD(L)−CBOD(0)]

)
(3.15)

with
rNOSR = K(Csat

DO − Caver
DO )− rWOD (3.16)

aN stoichiometric coe�cient for NH4−N oxygen demand

aB stoichiometric coe�cient for BOD

CDO DO concentration , mg/L

CBOD BOD concentration , mg/L

CN NH4−N concentration , mg/L

Caver
DO average DO concentration over lenght L,g/m3 = mg/L

A surface area, m2

Q �ow rate, m3/d
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rWOD net wetland oxygen consumption rate, g/m3/d

rNOSR net oxygen supply rate, g/m2/d

K reaeration coe�cient

This formula can be simpli�ed with q = hydraulic loading rate, m/d :

q[∆CDO] = −aNq∆CN − aBq∆CBOD + rNOSR (3.17)

The rNOSR can be zero or have a positive value, what implies oxygen supply. If it is neg-
ative value that indicates that oxygen is consumed. With this the oxygen concentration
in the wetland e�uent can be predicted. A problem is to �nd the reaeration coe�cient
K.

Figure 3.5: example for a sag curve in a wetland[KK96]

A research by Stengel(1993) has shown that in Subsurface �ow CW oxygen is being
consumed even in absence of BOD or NOD in the e�uent. The research was carried
out with tap water saturated with oxygen, zero BOD and zero kjedahl nitrogen at the
in�uent. One interesting observation is that after a certain decrease the DO reached
a stable value that remained the same throughout the wetland and reaeration did not
occur. So with tap water the net wetland oxygen consumption rate is:

K(Csat
DO − 0) = rWOD (3.18)
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The conclusion is that even in an unloaded wetland more oxygen is consumed than
transfered. [WK06]

3.2 Transfer of gases

3.2.1 Law of Henry and Dalton

Gases always tend to establish a equilibrium. If there are two media, a liquid and a gas
medium and a punctual concentration of another gas is brought in the system, this gas
will mix with the gas phase and the liquid phase by transfer, convection and di�usion.
The motor for this movement is the concentration di�erence. In a in�nite time there will
be a homogeneous concentration of the inserted gas in the gas and the liquid phase. The
two homogeneous concentrations in the liquid and the gas are di�erent but they have a
de�ned relation to each other. For each gas and liquid there exists a certain equilibrium
concentration. The speci�c equilibrium between the molar concentration of a substance
in a liquid and its partial pressure in the gas phase is de�ned y the law of Henry:

Pj = Hkj × CL,j (3.19)

j Substance

Pj Partial pressure of j in gaseous phases

Hkj Henry factor of j

CL,j concentration of j in the liquid

The law of Dalton says that the molar concentration of a substance is related with its
partial pressure and the total pressure of the system:

CG,j = Pj/P (3.20)

CG,j concentration of j in the gas phase

P Total pressure

Both laws together build up the law of Henry - Dalton that relates a certain concentration
of a substance in gas phase with the corresponding concentration in the liquid phase after
the system reaches a state of equilibrium.

CG,j × P = Hkj ∗ CL,j (3.21)

Factors that a�ect the solubility of gases, like temperature and the type of liquid ( dis-
solved salts ), are implicated in the Henry constant. The solubility of gases increases
with the decrease of ionic strength and temperature. [GJL04]
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Table 3.4: Henry constant standard condition( T=298,15K )[San99]

substance Hkj/[M/atm]

H2S 1, 0 ∗ 10−1

CO2 3, 4 ∗ 10−2

CH4 1, 3 ∗ 10−3

O2 1, 3 ∗ 10−3

N2 3, 4 ∗ 10−2

C3H8 1, 4 ∗ 10−3

The Henry constant Hkj can be de�ned by (3.19) or as a dimensionless ratio between
the gas phase and the liquid phase:

Hcc
kj = CL,j/CG,j = Hkj ∗RT (3.22)

Hcc
k dimensionless Henry constant

R gas constant

T Temperature

3.2.2 Velocity of gas transfer

The transfer of gases proceed because of a di�erence of concentration in the liquid and
the gas phase in direction of the lower concentration. The absorption process proceeds
in three steps: the di�usion of a gas from the gas mixture in the interface layer of the
gas/liquid phase, the transport in the interface layer and the di�usion of the dissolved
gas particles in the liquid body.
In the case of air and water the change of concentration is proportional to the di�erence of
the actual concentration in the water and the equilibration concentration of the gaseous
substance:

dCL,j

dC
≡ CL,j − Cequ

L,j (3.23)

Substance

CL,j concentration of substance j in the liquid phase

Cequ
L,j concentration of substance j in the liquid phase in state of equilibrium with con-

centration in gas phase ≡ CE,j
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Figure 3.6: masstransfer from liquid phase to gaseous phase [GJL04]

With a mass balance in a arbitrary volume there can be deduced a relation for the mass
transfer of a substance j

−dCL,j

dt
∗ VL = Nj (3.24)

Nj = A ∗ β ∗ (CL,j − Cequ
L,j ) (3.25)

Together:

CL,jdt = Kla ∗ (Cequ
L,j − CL,j) (3.26)

with:

Kla = β ∗ t ∗ A
V

(3.27)

CG,j Concentration of substance j in the gas phase

Nj Flow of the amount of substance of j, mol/h

β Total mass transfer coe�cient of substance j, in reference to the liquid, m/h

Kla Mass transfer coe�cient of a substance in reference to the liquid, implicating dif-
ferent other factors contact area A and Volume of the liquid

VL Volume of the liquid, m3

A area of the contact interface between liquid and gas phase
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t time

K can be calculated like that:

Kj = ln
(Csat

L,j − C0
L,j)

(Csat
L,j − Ct

L,j)
(3.28)

Kj Mass transfer coe�cient of substance j in reference to the liquid phase

CG,j Concentration of substance j in the gas phase

Csat
L,j Saturation concentration of substance j in the liquid phase

C0
L,j Concentration of substance j in the liquid phase at time 0

Ct
L,j Concentration of substance j in the liquid phase at time t

The two layer theory says that the di�usion process is slower than the other processes
and determines the velocity of the gas transport. Gases which do not dissolve easily,
such as O2, CO2, N2 and C3H8 have a di�usion - determined absorption velocity. With
turbulence at the liquid surface the interface layer gets thinner and the transport faster.
[GJL04]

3.3 Oxygen transfer

The solubility of oxygen in water is 7.6mg/L−1 at 20 degrees. This value changes with
temperature, dissolved salts, pressure and biological activity. The concentration of DO
in the in�uent water is very low or does not exist at all, because wastewater has a huge
CBOD and NOD. The DO is already consumed before entering the wetland. In contrast
to that the oxygen concentration in the atmosphere, 21%, is very high. This concentra-
tion di�erence is the cause for the transfer of oxygen from the atmosphere to the wetland
water body. The gases tend to establish an equilibrium. There are three di�erent path-
ways for the oxygen transfer from atmosphere to the wetland water body. The physical
transfer at the surface of the wetland, where the oxygen goes directly from the air into
the water body. The other two ways are part of the oxygen plant transfer. One is the
transport through dead plants and the other is the convective transport through living
plants from the leaves to the roots. [KK96]

3.3.1 Physical oxygen transfer

Physical transfer is the transfer of the oxygen from air to the water body of the wetland
at the contact surface of water and atmosphere.
The gas phase is air. Its resistance to oxygen transfer is insigni�cant. The dimension
of the gas phase is the whole atmosphere. The extensions are in�nite in comparison
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with the size of the wetland. So the oxygen concentration at the surface can be taken
as constant. This provides a saturation of oxygen in the liquid phase of the interface
layer. The saturation concentration depends on the temperature and the type of water
(dissolved salts)
The liquid phase is the water body of the wetland. As oxygen is immediately consumed
in the wetland the oxygen concentration in the water is approximately constant too. So
there is a system with a nearly constant concentration gradient.

The mass transfer from atmosphere to water through the surface layer is e�ected by
di�usion and by convection. In absolutely still water the di�usion is predominant and
the convection at the interface layer is close to zero. Wind and water currents create
convection. In subsurface CWs with a very high residential time the wind mixing does
not a�ect much and di�usion plays a greater part. Rain has a huge e�ect on the oxygen
transfer in a wetland. Rain is oxygen saturated water that enters the system and the
drops provoke convection and mixing.
The longitudinal mixing in a wetland is similar to the one of lakes and rivers, as it
is told in Kadlec. Applying the equation (3.26) the mass transfer coe�cient K can
be calculated. In this case the K for oxygen is determined. O�Connor and Dobbins
implicated the in�uence of velocity and water depth with the following equation:

K =

√
DU

h
(3.29)

D molecular di�usivity of oxygen in water

U water speed, m/d

h water depth, m

This calculation was made for lakes and rivers and so its application on wetlands is
limited especially if it is a subsurface CW. [KK96]

3.3.2 Plant transfer

The plant oxygen transfer is carried out in both dead and living plants.
The dead plants act much the same as a drinking straw. The transfer path is convection
through the stalk into deeper anoxic areas of the wetland. The stalk is comparable to a
tube containing air

Oxygen transfer through the living plant is a active distribution. The plant provides its
roots in the anoxic �ooded zone of the wetland with oxygen. This oxygen distribution
is carried out through the aerenchyma in wetland plants.
The gas exchange functions in more than one direction. Not only oxygen is transported
to the roots but also CO2 and methane is transported from the roots to the leaves. The
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Figure 3.7: oxygen transfer through roots [WK06]

transport through aerenchyma can be of a huge magnitude as a study of the radboud
university in nijmegen has shown. Rice plantations create a huge amount of methane.
The transport of this methane through the aerenchyma of the rice plant can reach a
90% of the total methane transport to the atmosphere. [TGRG08]

Most of the oxygen transported to the root zone is consumed by the plant but a small
amount gets in the wetland and creates a small aerobic environment nearby the roots.
Oxygen can also be produced in the system as part of the photosynthesis of algae. In
CWs with huge macrophyts and subsurface �ow this production is zero because the
light, that is necessary for the production of oxygen by photosynthesis, does not reach
the algae. [KK96]

3.3.3 Oxygen transfer in the gravelbed

The oxygen transfer in the gravel bed depends on the water �ow. It varies with mixing
condition in the wetland. According to Kadlec (1996) no study of oxygen transport from
air to water moving in a gravel bed, had been made so far.citekad

In 2007 Santa carried out a study on the oxygen transfer to a unplanted gravel bed. In
this study the oxygen transfer rate (OTR) was determined to be very low. The OTR
decreased with a increasing hydraulic retention time. [San07]

3.4 Oxygen measurement methods in wetlands

Oxygen can be measured in two di�erent ways, indirectly or directly. [HWG04]
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Table 3.5: Oxygen transfer in a gravel bed [San07]

HRT[h] KO2[1/h] O2 transfer rates[g*m
2/d]

1, 8 0, 27 7, 05
2, 17 0, 25 6, 53
3, 17 0, 18 4, 71
48 0, 03 0, 78

3.4.1 Indirect method

Oxygen is measured indirectly with a mass balance. In many studies the oxygen transfer
in wetlands is extrapolated by the BOD and ammonium losses. Inferring from these
values, the oxygen transfer through plants can be determined. This method is based on
the following three premises:

• the same chemical reactions occur in planted and unplanted gravel beds

• the plant uptake of nitrogen is negligible

• the oxygen stoichiometry on carbon and ammonium diminishing in wetlands is
conform to the stoichiometry in wastewater treatment plants

These assumptions are not necessarily true for wetlands. For the oxygen balance BOD
and ammonium are measured in the in�uent and in the e�uent of a wetland. The di�er-
ence is calculated and by this the oxygen consumption is estimated. According to Kadlec
in di�erent studies 4,3 to 4,5 mg O2 correspond to 1 mg N and 1,5 mg O2 are counted
for each mg of eliminated BOD. The results vary much with di�erent experimental set
ups. [KK96]

3.4.2 Direct method

A method for direct measuring was used in a �eld study of Brix and Schierup in 1990
on a wetland in Denmark. The whole wetland was enclosed in a clear plastic chamber.
That made it possible to measure the gas �ow. With oxygen in�ow and the carbon
dioxide out�ow the plant respiration could be determined. In this study the di�erence
of the oxygen uptake in a surface or subsurface �ow CWs was found to be small (4,4 and
3,3 gO2

m2/d
The estimated plant oxygen uptake was 2,08 gO2

m2/d
. That is nearly the same as

the plant oxygen consumption 2,06 gO2

m2/d
. The plant oxygen that is released through the

roots was found to be small 0,02 gO2

m2/d
in comparison to the physical transfer. Despite

the fact that the oxygen transfer calculated with the BOD and ammonium di�erence
method mentioned before was 5,2 gO2

m2/d
, only 23% of the disminuished N left the wetland
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in form of N2. As a conclusion of this experiment the indirect oxygen determination by
BOD and ammonium di�erence was shown to be questionable and the physical oxygen
transfer was higher than the plant transfer. [KK96]
Another technique to measure the oxygen entry in a wetland is the tracer gas method.
This method is applied in this study.

3.4.3 Tracer gas method

In general this method consists in the indirect detection of a gas through its interaction
or relation with a tracer gas. To measure the mass transfer of a gas in a liquid, the mass
transfer of a tracer gas is measured and put in relation to it. In the case of this study it
is the aim to detect oxygen.
For tracer gas it is considered to use a chemically and biologically inert gas. [TG90] The
gas should not be produced or consumed in the system, therefore the only exchange is
physically and the partial pressure of the gas can be ignored. The tracer gas method
originally was used to quantify the reaeration coe�cient of streams. In recent studies
among others it was applied to measure the gas transfer at weirs or the oxygen transfer
and enhancement factor on rotating biological contactors. [BV98]
In this study the method is applied to a wetland. In a wetland a high quantity of gases
are inner produced. Propane is neither produced nor consumed so it is possible to use
it as a tracer gas. The huge advantage of the tracer gas method is that it is possible to
measure the total mass of oxygen that entered a wetland independent of the immediate
oxygen consumption that occurs in the wetland.
The central assumption in this method is that there does exist a constant ratio between
the oxygen that is entering and a tracer gas that is leaving the wetland system. This
relation is related to the speci�c mass transfer coe�cient K. Several studies have shown
that there does exist a such relation between the K of propane and K of oxygen.

3.4.4 Determination of R

The ratio between the mass transfer coe�cient of propane and oxygen is R:

R =
Klaoxygen

Klapropane

(3.30)

R ratio between the mass transfer factor of two gases

Klaoxygen mass transfer factor of oxygen

Klapropane mass transfer factor of propane

The values obtained for R, for the air-water mass transfer rates of oxygen and propane,vary.
The commonly used valueis 1,39 . This result was veri�ed by several studies. [?] The
mass transfer ratio K is highly a�ected by changes of temperature, dissolved salts and
turbulences. As this e�ects both the K of the tracer gas and the K of oxygen, the e�ect

29



CHAPTER 3. BIBLIOGRAPHICAL REVIEW

Figure 3.8: transfer of oxygen and propane [GJL04]

can be related. But not every tracer gas has a constant ratio in respect to oxygen with
varying temperatures, water quality and turbulence. In the case of propane it has been
shown that the ratio R is independent of changes in temperature, suspended solids and
mixing conditions. [MVHJ06]

3.4.5 Calculation of the mass transfer coe�cient

To determine Klaoxygen the formula (3.28) is applied. As the concentration is measured
at the inlet and at the outlet of the wetland and the time in between this two points is
the retention time, the formula (3.28) is changed to :

Klaoxygen =
(
ln

(Csat
L,j − Cin

L,j)

(Csat
L,j − Cout

L,j )

)
: HRT (3.31)

HRT =
Vw

Q
(3.32)

Klaoxygen mass transfer coe�cient for oxygen

Cout
L,j Concentration of substance j in the liquid phase at the inlet of the wetland

Cin
L,j Concentration of substance j in the liquid phase at the outlet of the wetland
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Q �ow rate, L/h

Vw Volume of the water in the wetland

HRT retention time of the water in the wetland

To calculate the transfer coe�cient for propane the saturation concentration (Csat
L,j can

be let apart, as propane does not exist in the atmosphere. [RAS+78]:

Klapropane = −
(
ln

(Cout
L,propane)

(Cin
L,j)

)
: HRT (3.33)

Cout
L,propane Concentration of propane in the liquid phase at the inlet of the wetland

Cin
L,propane Concentration of propane in the liquid phase at the outlet of the wetland

Klapropane propane transfer coe�cient

It is di�cult to obtain the exact value for the saturation concentration of propane because
the measurement is sensitive to errors. So it is an advantage that it does not appear in
this calculation. [TG90] The Klaoxygen can also be calculated with Klapropane and R.
A closer look at the factors that in�uence the K reveals more about the mechanism that
move the propane and oxygen and possible interference.

Temperature correction factor The solubility of gases in water changes with the
temperature, that a�ects the K and hence the R too. The di�erent K can be calculated
with:

Kla(T ) = Kla(20◦C) ∗Θ(T−20) (3.34)

Kla(T ) mass transfer coe�cient at temperature T

Kla(T ) mass transfer coe�cient at 20◦C

Θ temperature coe�cient

The commonly used value for the temperature coe�cient is 1. 0241 determined by
Elmore and West(1961) [ME03]

Turbulence Turbulence at the surface in the wetland can be caused by the air phase
or the liquid phase. The in�uence of turbulences vary with di�erent gases. Its e�ect on
R is expressed with:

R =
Klaoxygen

Klapropane

=
( Doxygen

Dpropane

)n
(3.35)

n is a value for the turbulence, with 0,5 for highly turbulent and 1 for non turbulent
conditions
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Doxygen molecular di�usion coe�cient of oxygen

Dpropane molecular di�usion coe�cient of propane

Turbulence and temperature interact in respect of the transfer of gases. In a study done
by Metzger 1968 a increasing temperature dependency for a decreasing turbulence was
reported. [MVHJ06]
The main force for turbulence and convection in the gas phase is wind. As wind speed
gets higher, the gaseous boundary layer gets thinner and the concentration gradient
smaller, so the oxygen mass transfer increases. There is a correction for lakes and streams
that theoretically is applicable on wetlands too, the so called Mattingly correction:

(∆Klaoxygen)/(Kla(0)) = 0, 24v1,64
wind (3.36)

Kla(0) mass transfer coe�cient of oxygen at zero wind velocity, m/d

vwind near surface, above- boundary layer, wind velocity, m/s

Wind only has an e�ect on surface �ow CWs, in the case of subsurface �ow the in�uence
of wind is very low or zero. [KK96]

Impurity correction factor The density of water e�ects the solubility of gases. If the
water is saltier, less gases are dissolved. The in�uence of constituent in the water, like
salts, particulates and surface - active substances, is expressed and calculated with the
correction factor β

β =
Kla(IW )

Kla(CW )
(3.37)

Kla(IW ) mass transfer coe�cient of oxygen in impure water

Kla(CW ) mass transfer coe�cient of oxygen in clean water

β impurity correction factor

As the value of β vary a lot, it is recomended to verify them experimentally. A common
used value for β is 0,95 for wastewater. [ME03]

3.4.6 Calculation of oxygen transfer rate

The oxygen transfer in a wetland is commonly expressed as the oxygen transfer rate,
OTR in g

m2∗d . It can be measured indirectly with a mass balance, like 3.4.1. Than it is
calulated as follows:

OTR =
flowrate[(BOD5in−BOD5out) + 4, 3(NH4 −Nin−NH4 −Nout)]

total area beds
(3.38)
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This equation was used by Cooper, in 2005 [Coo05]

In this study OTR is measured directly with a tracer gas method and it is calculated
with the follownig equation:

OTR =
Kla ∗ (Cs − C) ∗ V

A
(3.39)

Kla mass transfer coe�cient of oxygen

Cs saturation concentration of oxygen in the water body

C instantaneous concentration of oxygen in the water body

V volume of the water body of the wetland

A surface area of the gravel bed

This factor relates the speci�c mass transfer factor Kla of a wetland with its dimensions.
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