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CHAPTER IV 
 

EQUIPMENTS AND METHODS 
 
 
 
 

4.1  General information 
 

To carry out this research it has been used the pilot plant belonging to the Ecology 
Plant Department of the Århus University. This plant is located inside the grounds of the 
conventional activated sludge wastewater treatment plant (WWTP) of Trige, 
approximately 10 km away from Århus (Østjylland, Denmark, see Figure 4. 1). This 
conventional WWTP is dimensioned for 5000 PE and up to tertiary treatment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. 1 Map of Denmark with main cities 
located (www.um.dk). 
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Furthermore, to compare the results obtained in the Trige experimental plant, results 
from a full-scale system for a single house with 4 people in the locality of Mosehuset are 
commented. The analyses of this plant were carried out by the Århus University. 
Mosehuset is located in the municipality of Mørke, approximately 20 km away from Århus 
(Østjylland, Denmark, see Figure 4. 1). 
 
 

4.2  The experimental plant in Trige 
 

As it has been commented before, the WWTP where is located the pilot plant is 
dimensioned for 5000 PE. Nowadays the WWTP only treats a volume of wastewater 
equivalent to 2700 PE. 52% of the wastewater comes from households and the other 48% 
comes from another kind of users but there are no major factories in the area. 

 
The influent wastewater comes from the surroundings households and the quality 

parameters of the wastewater are shown in the Table 4. 1 
 

Table 4. 1. Average inlet wastewater properties (www.aarhus.dk). 

Measurements Value 
pH 7.6 

Dissolved Oxygen (mg/l) 0.3 
TSS (mg/l) 300 
COD (mg/l) 512 

BOD5 300 
Total – N (mg/l) 50 
NH4 – N (mg/l) 34 

NO2 + NO3 – N (mg/l) 0.3 
Total – P (mg/l) 12.4 
PO4 – P (mg/l) 7.8 

 
The experimental system was built during spring 2001 and was full operational in 

May 2001. The purpose of the system is to determine design and operation parameters for 
a vertical subsurface flow in a cold climate area. The system has been subsidized by the 
Danish EPA. 
 

The experimental plant is composed of a prefabricated commercially available septic 
tank (UPONOR), a metal container divided in two parts where two vertical flow beds are 
situated, four pumping wells, a P filter-unit (three tanks) and the necessary pipes and 
valves to make the system operationally flexible (see Figure 4. 2). 
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Figure 4. 2 Drawing of the vertical constructed wetland experimetal plant (Johansen et al., 2002). 
 
The wastewater treated by the pilot plant has the same origin as the wastewater 

treated by the conventional WWTP of Trige. The influent wastewater is pumped to the 
experimental plant from a raw sewage pumping well situated just in the inlet of the 
WWTP. The wastewater is pumped by pulses and, during the experiment, the inlet flow to 
the pilot plant was around 500 l/d even though the design inlet flow to the pilot plant was 1 
m3/d. This change was possible because the experimental plant has the capacity to regulate 
the volume of wastewater to the pilot plant via an electronic controller. 

 
Wastewater entering the experimental plant is pumped from the well and conducted 

to 2-m3 three-chamber septic tank. It provides wastewater a primary treatment, removing 
part of the suspended solids and some organic matter. The septic tank was partially buried 
and, as a consequence, during the experiment was necessary to cover it with glass fibre 
thermal resistance mats in order to protect it to the external temperatures. 

 
After the sedimentation tank, the water goes through a 40 mm pipe to the second 

pumping well, where the wastewater is raised to the top of the container. The container lies 
on a compacted sand base and holds the two vertical subsurface flow reed beds. The 
container is 5.89 m long, 2.55 m wide and 1.50 m deep. This tank is divided in two 
sections by a welded metal plate. One of the sections contains the large reed bed and the 
other contains the smallest one. The large bed is 3.94 m long, 2.28 m wide and 1.05 m 
deep (effective area of 8.98 m2) and the smallest one 1.98 m long, 2.28 m wide and 1.05 m 
deep (effective area of 4.51 m2). Thanks to the disposition of the valves the two beds can 
be loaded in parallel or in series (in any order). For the present study they have been loaded 
in series, with the 8.98 m2 reed bed operating as the first bed and the 4.51 m2 loaded after 
the P-filters. 

 
A high-density 0.75 mm thick polyethylene layer lines the inner of the container to 

avoid possible wastewater filtration to the soil. The granular media used as filtering 
material is the same in both beds. The design called for a 85 cm high layer of washed sand 
with a diameter ranging between 1 and 4 mm and a porosity of 38%. Under the sand lies a 
20 cm thick layer of 8 to 16 mm diameter of washed gravel where the drainage system is 
embedded. The container was set so that there is a 10 ‰ slope but once filled with the 
media the surface of both beds had no slope. Both beds are planted with one growing 
season old common reed Phragmites australis. The plants were grown from octaduple 
clone extracted from Paskegård greenhouse (Århus, Denmark) and they were planted in 
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May 2001. The culture density is 6.4 plants per m2. When the system was constructed both 
beds were covered with wood chips against low temperatures, but during the experiment 
only the second one was covered. 

 
Essays to determine the sizes of granular media in the reed beds were realized in 

March 2002. Three different samples of granular media were tested in order to calculate 
mean values and standard deviation of the percentages obtained. Sieves used were: 6.3 
mm, 2.0 mm, 0.80 mm, 0.60 mm, 0.425 mm, 0.180 mm, 0.106 mm and 0.063 mm. Figure 
4. 3 shows the curve with the percentages of sand that pass through each sieve. With this 
curve it is possible to obtain three parameters that characterize granular media: D10 = 
0.31mm, D60 = 1.2 mm and Cu = 3.9 (uniformity coefficient), showing that granular media 
is quite regular. Analizing the curve it is possible to see that more than the 60% of the 
material has a diameter between 6.3 mm and 2.0 mm, containing a small amount of fine 
material. 
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Figure 4. 3 The size distribution curve for the filter sand used for the construction of the system 
(Johansen, N-H. et al., 2002). 

 
Continuing with the wastewater treatment process through the plant, once wastewater 

is at the top of the container it is uniformly distributed over the entire surface of the first 
reed bed by a distribution system consisting of a combination of 40 mm and 50 mm 
diameter drilled pipes. Then wastewater drain gradually through the bed and it is collected 
in the lower part by a 50 mm diameter pipe which drains and conducts it to the P-filter 
units. 

 
The P-filters unit consists of three consecutive filtering units with calcite. This 

material has shown high P-binding capacity (Brix et al., 2000 and Arias et al., 2002) and is 
placed to study the removal of phosphorus. The filter units are constructed in 40 cm 
diameter wells (filter depth 70 cm + 15 cm 8-16 mm gravel in the bottom), hence the 
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volume of calcite in each filter is approximately 0.09 m3 (total volume of the three filters 
approximately 0.27 m3). The calcite was sieved to pass 2-mm mesh sieve before 
installation. 

 
After the P-filter units wastewater flows to another well where it is pumped to the 

second reed bed (total area of 4.51 m2) and distributed to the top of it. As in the former 
reed bed, wastewater drains to the lower part and it is collected by pipes and conducted to 
the last well. This well contains a pumping unit which permits the recycling of part of the 
effluent to the septic tank in order to enhance denitrification. Figure 4. 4 and Figure 4. 5 
show a flow diagram of the pilot plant. 

 

 
Figure 4. 4 Technical drawing of the vertical constructed wetlands experimental plant. The system 
consists of the following components: (1) Inlet pump well; (2) 2 m3 three-chamber septic tank; (3) 
pump well feeds effluent to the large reed bed; (4) large vertical bed; (5) three consecutive filtering 
units with calcite; (6) pump well to feed the small bed; (7) small vertical flow bed; (8) effluent well 
with pump for recycling; (9) effluent recycling pipe to the septic tank; and (10) outlet (Johansen, 
N-H. et al., 2002). 
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Figure 4. 5 Cross section of the container which houses the system’s beds of the vertical 
constructed wetland experimental plant (Johansen, N-H. et al., 2002). 

 
To carry out the experiment, wastewater were analyzed from five sampling points: 

the first one is located before the sedimentation tank; the second one after the 
sedimentation tank or before the first vertical flow; the third one after the first vertical flow 
bed or before the P-filter units; the fourth one after the P-filter units or before the second 
vertical flow bed; and the fifth one after the second vertical flow bed. In some cases, 
among each P-filter unit wastewater were analyzed as well. 

 
Furthermore, the experimental plant has installed sensors in each sampling point that 

permit to compare the registered results with results obtained in the lab. In the Table 4. 2 is 
possible to see where and which type of sensors are located in each sampling point. 

 
Table 4. 2 Sensor location in the experimental plant.(1) raw inlet to the sedimentation tank, 
(2) outlet from the sedimentation tank or inlet to the first constructed wetland, (3) outlet from 
the first constructed wetland or inlet to the P-filter unit 1, (3a) outlet from P-filter unit 1 or 
inlet to P-filter unit 2, (3b) outlet from P-filter unit 2 or inlet to P-filter unit 3, (4) outlet from 
P-filter unit 3 or inlet to the second constructed wetland and (5) outlet from the second 
constructed wetland. 

 1 2 3 3A 3B 4 5 
Temperature  X     X 
PH  X X   X X 
Oxugen  X X X X  X 
Redox Potential X X      
Flow meters X X     X 

 
The flow meter located in the inlet is accumulative 50 mm ultrasound type. It is 

electronically controlled and the measures of flow are instantaneous. The flow meters 
located in the outlet and in the recycling pipe are regular 25 mm diameter bane driven type. 
Their sensibility is 10 litres and the maximum flow permitted is 2.5 m3/h. Unlike the one in 
the inlet, these two flow meters are analog. All the values are logged and can be 
downloaded remotely at all the times by means of a transmitter located in the pilot plant. 
The system also allows gathering of real time information via telephonic communication. 
Additionally, the experimental plant is fitted with four submergible pumps, Pumpex type 
FGb 275 to supply the necessary water levels. 
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To achieve the experiment four campaigns (or runs) were carried out, each one with 
a different recycling percentage as follows: 0%, 100%, 200% and 300%. Each campaign 
consisted of three consecutive days of sampling and analysis. 

 
In the following picture it is possible to see the state of the plant in July 2002: 
 

 

Figure 4. 6. State of the experimental plant in July 2002 (Johansen, N-H. et 
al., 2002). 

 
 

4.3  Design of the Mosehuset plant 
 

This full-scale system was designed and constructed from the Trige experimental 
plant experience. Once the main sizing parameters were known it was possible to apply the 
knowledge in a real situation like this. 
 

The plant operates for a single house occupied by a family composed of two adults 
and two children. The dimensioning design parameters were as the Table 4. 3 shows. 

 
The plant is composed of a prefabricated commercially septic tank, a reed bed, one 

pumping well, a P-filter unit (one tank) and the necessary pipes and valves (see Figure 4. 
7). 

 
Wastewater entering to the plant comes exclusively from the house and it does not 

contain in any case rainwater. The wastewater is conducted to 2-m3 three-chamber septic 
tank where part of the suspended solids and organic matter is removed. 

 
After the sedimentation tank wastewater is conducted to the pumping well, where the 

wastewater is raised to the top of the reed bed and uniformly distributed over the entire 
surface of it by a distribution system of pipes (40 cm of diameter). The reed bed is 3.85 m 
long, 3.75 m wide and 1.25 m deep (effective area of 14.4 m2). Three layers shape the bed: 
at the top 20 cm of wood chips, to isolate thermally; in the middle 90 cm of sands, filter 
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material; and at the bottom 15 cm of gravel, as a drainage material. The bed is completely 
buried and the granular media is the local one, because the idea is to build a system as 
cheap as possible. As a precaution and since there are no long term operating experience it 
was decided to build this first commercial vertical constructed wetland 3 timer bigger than 
the calculated surface. 

 
Table 4. 3 Design parameter for Mosehuset single house hold wastewater treatment plant 
(Johansen, N-H. et al., 2002). 

 Parameters Unit Value 
PE No 5 
Flow/PE m3/d/PE 0.200 
Flow [Q av-d] m3/d 1.000 
Flow [Q max-h] m3/h 0.450 
BOD g/d 300 
Total – N g/d 60 
NH4 – N g/d 54 

Inlet 

Total – P g/d 20 
BOD g/d 285 
NH4 – N g/d 54 Demand of removal 
Total – P g/d 18 
BOD mg/l 15.0 
NH4 – N mg/l 4.5 Outlet demands 
Total – P mg/l 2.0 

 
 

Figure 4. 7 Technical drawing of the vertical constructed wetland for 
Mosehuset (Johansen, N-H. et al., 2002). 

 
Once wastewater has drained through the reed bed is collected in the lower part and 

conducted by a 50 mm diameter pipe to the P-unit filter. The P-filter unit consists of a one 
filtering unit of calcite. The filter unit is constructed in a 40 cm diameter well (filter depth 
70 cm + 15 cm 8 – 16 mm gravel in the bottom), hence the volume of calcite in the filter is 
approximately 0.09 m3. 
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After the P-filter unit the wastewater flows to the last well where it is poured out into 
a lake. It is also possible to recycle part of the effluent to the sedimentation tank to enhance 
the denitrification process. 

 
 

 

Figure 4. 8 State of the system a month after construction and operation. 
(Johansen, N-H. et al., 2002). 

 
There were four sampling points: the first one after the sedimentation tank or before 

the reed bed; the second one after the reed bed or before the P-filter unit; the third or after 
the P-filter unit and before the lake; and the fourth one in the lake. 

 
 
4.4  Analytical methods  
 
Analyses were performed in the laboratory of Plant Ecology Department of the 

University of Århus (Denmark). Parameters like temperature, pH, conductivity, dissolved 
oxygen (DO), total suspended solids (TSS), chemical oxygen demand (COD), nitrogen 
Kjeldahl (TKN), ammonia (NH4-N), nitrite (NO2

-), nitrate (NO3
-), total nitrogen (TN) and 

orthophosphate (PO3
4-) were measured using specific tests. These parameters were 

measured the same day except COD, nitrite, nitrate and nitrogen Kjeldahl which were 
obtained between the 27th of January and the 18th of February. This one was possible 
because once samples arrived at the lab 250 ml filtered and 250 ml non-filtered were 
frozen. Temperature and dissolved oxygen (Winkler technique) were analysed in the field. 

 
The parameter tests were carried out according to the Standard Methods (APHA, 

1998) and to the Danish Standard (1975). In the following paragraphs these methods are 
explained superficially due to the complete information can be checked in the former 
publications. 
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Temperature 
 
Temperature was measured according to 2550 B in Standard Methods (APHA, 

1998). Wastewater temperature measurements were made in the field with a mercury-filled 
Celsius thermometer. For the external temperature the same thermometer was used. To 
measure the temperature inside both beds was used an automatic thermometer sensor. 

 
Dissolved Oxygen 
 
Dissolved Oxygen (DO) was also measured in the field through the iodometric 

method described in 4500-O B (APHA, 1998). Five wastewater samples, corresponding to 
each sampling point, were introduced in a glass-sttopered bottle. Manganous sulfate 
solution (MnSO4) and alkali- iodide-azide reagent were added in each one. Then bottle was 
stoppered carefully to exclude air bubbles and mixed by inverting bottle few times. In this 
process dissolved oxygen rapidly oxidizes an equivalent amount of the dispersed divalent 
manganous hydroxide precipitate to hydroxides of higher valency states. In the presence of 
iodide ions in an acidic solution, the oxydized manganese reverts to the divalent state, with 
the liberation of iodine equivalent to the original DO content. Therefore, the iodine is then 
titrated with a standard sodium thiosulfate solution (Na2S2O3). 

 
Total Suspended Solids 
 
Total suspended solids (TSS) was measured according to DS207 (1975). A well-

mixed sample corresponding to each sampling point was filtered through a weighed 
standard glass- fiber and the residue retained on the filter was dried to a constant weigh at 
103 to 105 ºC. The increase in weight of the filter represents the total suspended solids. 

 
pH 
 
A pH meter was used to determine this parameter. This instrument was provided 

with automatic temperature compensation. Before the measurements it was calibrated with 
two standard samples corresponding to 4.00 and 7.00 pH-values. The samples used were 
the filtered ones. 

 
Conductivity 
 
Once wastewater temperature was around 25ºC, a nonplatinium-electrode was used 

to measure the conductivity according to 2510 B Standard Methods (APHA, 1998). 
Filtered samples were used to carry out the analyses. 

 
Chemical Oxygen Demand 
 
This parameter was obtained according to DS 217. To preserve samples they were 

acidified to pH = 2 using concentrated H2SO4, due to the analysis were carried out in 
several days. 

 
The analysis consisted of introducing 10 ml of sample in a test tube from the non-

filtered samples. Then 5 ml of standard potassium dichromate solution (K2Cr2O7), three 



Chapter IV 

63 

glass beads and 15 ml of sulphuric acid reagent were added. It is important to remember 
that the amount of dichromate was in excess due to later it would be titrated the unreduced 
amount. Once samples were ready, they were placed on the heater. During 10 minutes the 
samples had to boil and afterwards stayed 110 minutes on the heater with a lower 
temperature. Finally, samples had to let cool until the temperature decreased up to 60ºC.  

 
When the samples were digested, the remaining unreduced K2Cr2O7 was titrated with 

ferrous ammonium sulphate to determine the amount of K2Cr2O7 consumed and the 
oxidizable matter was calculated in terms of oxygen equivalent. 

 
In some cases digested samples had green colour, it meant that COD values were 

over 700 mg/l and in theses cases the analyses were repeated with 2 or 4 times diluted 
samples. 

 
Kjeldahl Nitrogen 
 
Kjeldahl nitrogen was obtained according to 4500-N C (APHA; 1998). 20 ml of each 

non-filtered sample was mixed with 10 ml digestion reagent, 5 or 6 glass beads and a 
catalyst in a flask. The flasks were heated in a Kjeldahl digestion apparatus with a suitable 
equipment to remove fumes of SO3. The boiling process continued until solution became 
transparent and pale green and copious fumes were observed. Then the heating unit was 
turned up to its maximum setting (around 350 ºC). During the process of digestion amino 
nitrogen of many organic materials was converted to ammonium as well as free ammonia. 

 
Once samples were digested, the samples cooled down. Then distillation took place. 

After addition of base, the ammonia was distilled from an alkaline medium and absorbed 
in sulfuric acid. The ammonia was determined by titration. 

 
Ammonia 
 
NH4 was measured following the blue indophenol colorimetric method (Solorzano, 

1969) described in 4500-NH3 F by the APHA (1998). Test tubes were filled up with 5 ml 
of filtered samples and reagents were added. Reaction proceeded for at least one hour and 
then an intensively blue compound, indophenol, was formed by the reaction of ammonia, 
hypochlorite, and phenol catalyzed by sodium nitroprusside. Afterwards absorbance were 
measured through a spectrophotometer for use at 640 nm.  

 
Nitrite and Nitrate 
 
In order to measure nitrite and nitrate an automated analytical equipment was used, 

which meet the proposed method descibed in 4500-NO3-F (APHA, 1998). NO3
- is reduced 

almost quantitatively to nitrite (NO2
-) in the presence of cadmium. This method uses 

commercially available Cd granules treated with cooper sulfate (CuSO4) and packed in a 
glass column. 

 
The NO2

- produced thus is determined by diazotizing with sulfanilamide and 
coupling with N-(1-naphthyl)-ethylenediamine dihydrochloride to form a highly colored 
azo dye that is measured colorimetrically.  
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The amount of NO2

- is obtained by analys ing without the reduction step whereas the 
amount of NO3

- is the subtraction between the amount of nitrite obtained with and without 
reduction. 

 
It is important to maintain water level above Cu-Cd granules to prevent entrapment 

of air and loose the reduction capacity of the cadmium column. 
 
Orthophosphate 
 
The amount of orthophosphate was obtained according to the DS291 (1985). Test 

tubes were filled up with 5 ml of filtered samples and reagents were added. The 
orthophosphate ion reacts with ammonium molybdate and antimony potassium tartrade 
under acidic conditions to form a complex. This complex was reduced with ascorbic acid 
to form a blue complex that absorbs light at 880 nm. The absorbance was proportionally to 
the concentration of orthophosphate in the sample and it was measured through a 
spectrophotometer. 

 
4.5  Statistics 

 
Statistical parameters like average, standard deviation, minimum and maximum 

values of each parameter are used to analyse and discus the results obtained from each 
campaign in the Chapter V. Furthermore, one-way ANOVA has been used to check if the 
inlet values of TSS, COD, DO, TKN-N, NH4

+-N, NO2
--N, NO3

--N, TN could be 
considered the same taking into account that they correspond with different runs (that is, 
the factor was the recycled percentage). On the other hand, ANOVA also has been 
performed in the nitrification and denitrification analysis to confirm differences among the 
mean values of each run. The Bonferroni method was used to test all pairwise comparisons 
of marginal averages as a tool to detect the pairs of means that differed significantly. These 
parameters has been obtained using the software SPSS. 

 
In the Annex I (Trige data), Annex II (Mosehuset data) and Annex III (Statistical 

analysis) are listed all the results as well as the former statistical parameters. 


