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CHAPTER V 
 

RESULTS AND DISCUSSION 
 
 
 
 

5.1  Trige data analysis 
 

As it has been commented before, the main aim of this study is to analyse the 
performance of the nitrogen removal in a two-stage vertical constructed wetland and to 
determine the optimum recycling percentage which can optimize the nitrification-
denitrification process. In order to evaluate the process four campaigns were carried out, 
each one corresponding to a different percentage of recycling as follows: 0%, 100%, 200% 
and 300%. These campaigns were conducted from the 22nd to the 24th of October (100%), 
from the 11th to the 13th of November (100%), from the 4th to the 6th and from the 16th to 
the 18th of December (200% and 300% respectively) of 2002 and in January of 2003 from 
the 21st to the 23rd (0%). It is important to point out that the first campaign, corresponding 
at 100% recycling, was repeated because of the system was not absolutely stabilized at the 
beginning of the sampling campaign and therefore some of the results were not satisfactory 
enough. 

 
Samples were taken at the following points of the system: (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 (see Figure 5. 1). In the concentration 
results also appears the 1 mixed point. This one is obtained as the mean concentration from 
the recycled water and from the inlet raw wastewater. 

 

 
Figure 5. 1 Layout of the experimental constructed wetland (Johansen, N.-H. et al., 2003). 
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The recycling process consisted of conducting treated wastewater, from the outlet 
well, back to the sedimentation tank, where it mixed with the inlet raw wastewater. The 
system configuration and desired hydraulic loading and recycling rate were set at least one 
week before the campaign, in order to reach stable conditions in the system. 

 
Other important aspect that is necessary to take into account in the evaluation of the 

data is the precipitation values. Denmark in general, and the catchment area which 
provides the volume of wastewater to the plant specifically, belong to a geographical 
region where the effect of the rain is quite important because it can dilute the wastewater 
and, consequently, concentrations of the evaluated parameters can be lower than expected. 
Figure 5. 2 shows the precipitation during the periods when the samples took place. 

 

 
October 2002 (mm/d) 

 
November 2002 (mm/d) 

 
December 2002 (mm/d) 

 
January 2003 (mm/d) 

Figure 5. 2 Daily precipitation in the municipality of Trige, mm/d (www.dmi.dk). Total rain in 
these months was: 107 mm in October, 85 mm in November, 26 mm in December and 50 mm in 
January. 

 
From the previous graph, we can see that during the 0% recycling run it was raining 

the first two days, the first day around 5 mm/day and the second one less than 1 mm/day. 
Furthermore, it is important to consider the previous days because they can affect the 
results due to the catchment area retention time. Thus, the amount of precipitation in the 
days before the run could be important because it generated a dilution effect. In the 100% 
run carried out in November (the repeated one) rained every sampling day, increasing the 
volume from the first day to the last one, but with values under 5 mm/day. The previous 
days rained too, so dilution has to be considered. While the 200% campaign was running 
all the days rained but was not significant due to in all cases was below 2 mm/day 
however, the days before rained so the effect of dilution should be taken into account. 
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During the 300% run, there were no precipitations and in the days before either, so the 
effect of dilution it has to be no considered. 

 
 
5.1.1  Hydraulic loading rate 

 
As it has been explained in the Chapter IV, raw wastewater was taken directly from 

the sewage that went incoming the conventional activated sludge wastewater treatment 
plant by means of a pumping well previous to the plant. In order to control the flow in the 
system, three flow-measuring devices were installed, and registered the flow at the inlet, 
the recycling volume and outlet flow. The first one was installed just before the 
sedimentation tank, the second one was placed between the second constructed wetland 
and the sedimentation tank, and the third one at the exit of the system. Figure 5. 1 and 
Figure 5. 2 show the registered values. It is also important to consider that the outlet flow 
value did not work correctly because of the sensibility of machine was not high enough 
and therefore these values are not included in the former tables because they could induce 
to error. The outlet flow should be used as a control so this incidence did not represent any 
problem for the system nor for the experiment. 
 

Table 5. 1 Hydraulic loading rates in campaigns with 0% and 100% of recycling. 

 Run 0% Run 100% Run 100% 
Day I II III I II III I II III 
Inlet, l/d 474 519 515 526 623 980 571 552 632 
Recycling, l/d 0 0 0 560 540 470 562 582 631 
Percentage of 
recycling (%) 0 0 0 106 87 48 98 105 100 

 
Table 5. 2 Hydraulic loading rates in campaigns with 200% and 300% of recycling. 

 Run 200% Run 300% 
Day I II III I II III 
Inlet, l/d 565 602 743 613 623 637 
Recycling, l/d 1205 1315 1250 1697 1912 1955 
Percentage of 
recycling  213 218 168 277 307 307 

  
The data corresponding with non-recycling run shows that the inlet values were quite 

stables, around 500 l/d, with an average value of 502 ± 25 l/d. In the first 100% campaign 
of recycling, it is noticeable that percentage values of recycling were decreasing in time so, 
at the end of the run, this percentage was only 48%. This value was not acceptable because 
it represented a divergence of 52% and, consequently, this campaign was repeated. The 
problem occurred due to the wrong location of the pump in the raw sewage pumping well. 
Therefore, the 28th of October it was necessary to go down to the sewage well, repair the 
structure and replace the pump again. In the following 100% run, the recycling percentages 
were satisfactory. As it is possible to see all the values were around 100% and the 
maximum divergence was around 5%. From now on, the first 100% run will not be 
considered since it can induce to some errors in the evaluation, although the results are 
shown in the Annex I. 
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In the next run, corresponding to 200%, the maximum dive rgence in the recycling 
process was around 16%, so it is considered acceptable. Some variability in the 
percentages can be as a consequence that in the wastewater there were elements like 
diapers, etc, which could prevent the entrance of wastewater in the pump for a short 
periods of time and therefore reduced the inlet values or induced an error when the system 
was being set.  

 
Before starting the 300% run, the recycling meter was covered with a thermal 

insulator in order to prevent it form freezing since the environmental temperature was 
falling under zero. The same was done around the exposed part of the sedimentation tank. 
In this run percentages obtained were quite satisfactory and the maximum divergence 
reached was around 7%. 

 
It is important to emphasise that the pumps which fed raw wastewater from the 

sewage to the sedimentation tank, and treated wastewater from the second bed to the 
sedimentation tank, worked with pulses. This means that the supply was not constant, was 
intermittently. The other pumps worked intermittently too (from the sedimentation tank to 
the first bed and from the outlet of the P-filters to the second bed), but in these cases their 
mechanisms consisted of starting to pump when the level in the well reached at certain 
height. This consideration is very important because the intermittent feeding allowed 
aerobic conditions in both beds as well as it might have certain repercussion in the oxygen 
consumption inside the sedimentation tank, as it will be commented later. 

 
Another aspect that should be considered is the fact that the volume of the 

sedimentation tank was always constant, around 2 m2, but the loading rates applied to it 
were different. It implies that the hydraulic retention time (HRT) for the sedimentation 
tank was not always the same and it produced a diminishing effect of the performance of 
some biological and biochemical processes. On the other hand, the speed whereupon 
wastewater crossed the beds was also dependent on the flow, thus it would vary in each 
campaign. Table 5. 3 summarises the average values of HRT and the hydraulic loading rate 
in each one of the beds, for each run. 

 
Table 5. 3 Average (± standard deviation, n=3) inlet, recycled and total flows in the sedimentation 
tank, average (± standard deviation, n=3) hydraulic retention time in the sedimentation tank and 
average (± standard deviation, n=3) flows in both beds. 

Run Inlet  
(l/day) 

Recycling 
(l/day) 

Total  
(l/day) 

HRT  
(day) 

CW1 
 (cm/d) 

CW2  
(cm/d) 

0% 503 ± 25 - 503 ± 25 3.98 ± 0.20 5.56 ± 0.27 11.15 ± 0.55 
100% 585 ± 42 592 ± 36 1177 ± 75 1.70 ± 0.10 13.18 ± 0.78 26.24 ± 1.54 
200% 637 ± 94 1257 ± 55 1893 ± 113 1.06 ± 0.06 21.09 ± 1.26 41.98 ± 2.51 
300% 624 ± 12 1855 ± 138 2479 ± 149 0.81 ± 0.05 27.61 ± 1.66 54.97 ± 3.31 

 
 

5.1.2  Temperature  
 

Values of temperature in the treating wastewater were measured at each sampling 
point. External temperatures and, in the coldest periods, temperatures inside the beds were 
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also measured. From Table 5. 4 it is possible to see how the external temperature seems to 
decrease during the three first campaigns (100% to 300%) but it increased during the run 
corresponding to 0% recycling, which was the last one. The 0% run did not have the lowest 
external temperature since the campaign consisted only of three consecutive sampling days 
and they are not representative of the monthly average temperature, which was –0.3 ºC. 

 
Table 5. 4 Average (± standard deviation, n=3) wastewater temperature in the different 
sampling points, average (± standard deviation, n=3) of external temperature and mean 
monthly temperature in the months in which runs were carried out. 

Run Sample points 
0% (°C) 100% (°C) 200% (°C) 300% (°C) 

1 5.5 ± 0.9 9.5 ± 0.5 7.2 ± 0.3 6.3 ± 1.5 
2 3.8± 0.3 6.7 ± 1.1 4.2 ± 0.3 2.0 ± 0.0 
3 3.3 ± 0.3 5.1 ± 1.3 3.8 ± 0.8 1.3 ± 0.5 
4 3.50± 0.5 5.0 ± 1.0 3.8 ± 0.8 1.3 ± 0.5 
5 3.5 ± 0.5 5.0 ± 1.0 3.8 ± 0.8 1.3 ± 0.5 

External Temp. 5.2 ± 1.4 6.5 ± 4.1 2.3 ± 2.1 0.9 ± 1.8 
Mean monthly 

Temp. 
-0.3 (Jan.) 6.1 (Oct.) -0.5 (Dec.) -0.5 (Dec.) 

 
While the experiment was being performed the temperature of the wastewater 

dropped due to the external temperature and probably, for the rain contribution too. For 
instance, in 0% run, even though the external temperature was not the lowest, the amount 
of precipitation was the highest and as a consequence the wastewater temperature 
decreased to 5.5°C. On the other hand, in the 300% run, although the external temperature 
was the lowest, due to the absence of precipitation the wastewater temperature was not the 
minimum. Therefore, it seems important to take into account the influence of the rain in 
the previous days of each run because they could reduce the wastewater temperature. 

 
The mean temperature of raw wastewater was 7.13 ± 1.75°C ranging from 10°C, as a 

maximum the 13th of November, to 4.5°C as a minimum the 23rd of January. The mean 
outlet temperature was 3.40 ± 1.54°C being the maximum 6°C (13th of November) and the 
minimum 1°C (16th and 17th of December). From this data it is possible to calculate the 
loss in the system, 3.43 ± 1.49°C. The most important fall was between the points 1 and 2 
of the system, where it was around 80 % of the total drop in temperature (with an average 
temperature loss of 2.96 ± 1.30°C). The possible reason for this high percentage difference 
between the two first sampling points can be justified by the effect of the recycling. Part of 
the treated wastewater that was going out of the system was again introduced in it through 
the sedimentation tank. The cold recycled treated water was mixed with the inlet´s hotter 
raw wastewater and consequently a temperature loss occurred. In a real system these losses 
probably would be lower due to the system would not be as exposed as the experimental 
plant however, in this kind of system, these losses have to be taken into account because 
they are exposed systems. 
 

It seems logic that the higher is the percentage of recycling to the sedimentation tank, 
the higher loss of percentage of temperature will happen. That is not true because in all the 
cases a loss around 85% occurred between points 1 and 2, except during the 100% 
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campaign, in which the temperature between these points only decreased a 63% of the 
total. 

 
From the 5th of December on, the temperatures inside both beds was measured. 

Figure 5. 3 shows how, in most of the cases, the temperature in the second bed was higher 
than in the first. This one can be confused because it is logic to think that the temperature 
was decreasing while the wastewater was being treated in the system. The main reason is 
because the second bed was covered with wood chips that were able to retain the 
temperature and to isolate it thermally. These values are quite important because the 
activity of the microorganisms has been reported that varies with the temperature (Brix, 
1998), as well as saturation oxygen percentages. 
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Figure 5. 3 Average (± standard deviation, n=3) temperature 
inside the first and the second bed from the 5th of December 
2002 until the 23rd of January 2003. 

 
 

5.1.3  Conductivity 
 

Conductivity is a parameter that indicates approximately the amount of total 
dissolved solids or sales concentrations. In this case, it was useful as indicator of how 
diluted was the wastewater and, in second term, if calcium or other dissolved substances 
would remove the phosphorus in the wastewater. The mean inlet conductivity value was 
932 ± 76 µS/cm and the average outlet 828 ± 65 µS/cm so the efficiency of the system was 
quite low, as expected, because the most probable effect that could carry out in the plant 
should be a conductivity increase owing to the water could dissolve salts present in sands. 
In 0% run, conductivity value in the sedimentation tank increased because wastewater was 
not diluted due to there were no recycling. In the other runs values in point 2 were lower 
than in the inlet because when treated wastewater was introduced in the sedimentation 
tank, with a lower value of this parameter, generates a dilution effect. 

 
The values obtained are shown in the following Table: 
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Table 5. 5 Average (± standard deviation, n=3) conductivity in the different sampling 
points and campaigns. 

Run Sample points 
0% (µS/cm) 100% (µS/cm) 200% (µS/cm) 300% (µS/cm) 

1 922 ± 73 980 ± 64 849 ± 55 977 ± 46 
2 1023 ± 40 869 ± 26 790 ± 27 876 ± 18 
3 896 ± 54 789 ± 24 740 ± 19 817 ± 17 
4 917 ± 23 834 ± 11 755 ± 27 816 ± 20 
5 913 ± 24 829 ± 20 744 ± 17 824 ± 11 

 
Denmark’s water is rather hard, with a high amount Ca (around 90 mg/l for Århus) 

and as a consequence high conductivity values. This large concentration of metals may be 
quite beneficial because it can help remove a major amount of phosphorus. 
 
 

5.1.4  pH value  
 

pH is an important parameter to assess because it affects the ammonia volatilization 
process. If its value is around 9.3 it means that the ratio between ammonia and ammonium 
ion will be 1:1, but when pH is below 8.0 losses are not serious. Inlet data shows in all the 
cases that pH was below 8.0 (see Table 5. 6). This means that there were no losses via 
volatilisation or, at least, if it happened, it was quite low and therefore did not affect the 
balances. 

 
In sampling point number 2 one can notice that pH values decreased. The highest 

decrease was in 0% campaign because inside the sedimentation tank there were anaerobic 
conditions. These conditions promoted anaerobic bacterial proliferation, which generates 
some products as H2S, CO2 reducing the pH value. In contrast, in 300% run there were not 
reduction of pH between the points 1 and 2 thanks to the effect of recycling because 
introduced a significant amount of oxygen that no permitted the anaerobic bacteria growth. 
Furthermore, it is important to emphasise that the hydraulic retention time inside the 
sedimentation tank decreased whenever increased the recycled percentage and it has to be 
studied if microorganisms had enough time to consume the whole amount of oxygen. 

 
Table 5. 6 Average (± standard deviation, n=3) pH-values in the different sampling points. 

Run Sample points 
0%  100% 200% 300% 

1 7.95 ± 0.10 7.92 ± 0.10 7.88 ± 0.03 7.78 ± 0.16 
2 7.00 ± 0.17 7.77 ± 0.04 7.66 ± 0.09 7.78 ± 0.06 
3 7.49 ± 0.16 7.84 ± 0.09 7.86 ± 0.08 7.63 ± 0.06 
4 7.98 ± 0.09 8.57 ± 0.05 8.02 ± 0.03 7.79 ± 0.06 
5 8.14 ± 0.09 8.38 ± 0.08 8.32 ± 0.06 8.11 ± 0.12 

 
On the other hand, all the values from the sampling points 2 and 3 ranged from 7 to 

8; therefore the performances of denitrifier and nitrifier bacteria are expected to be at their 
maximum. When wastewater passed through the P-filters pH increased. The reason for this 
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was because wastewater dissolves calcium from the material that was inside them, and at 
the same time increasing the alkalinity. Conductivity increased too in all the runs except in 
the 300% after the sampling point 4. 

 
Finally, it is possible to see how the effluent from the second bed (sampling point 5), 

in all the cases except in 100%, had a pH higher than its influent. All values were over 8, 
so it was over the optimum range for nitrifying even though, like it will be seen below, a 
large percentage of ammonia would be nitrified yet. 

 
 

5.1.5  Dissolved Oxygen 
 

Dissolved oxygen (DO) is a parameter of high importance in the process that it is 
being studied, because the nitrifying process depends on the amount of O2 available. When 
raw wastewater was introduced in the system, concentrations of DO were low (see Table 5. 
7) even though it would be normal to expect concentrations close to zero. In this way, it is 
probable that low temperatures affected the microorganisms metabolism and reduced their 
activity and, as a consequence, the amount of oxygen consumed to degrade organic matter 
was lower. The maximum value in the first sampling point corresponds to the non-
recycling case (5.1 ± 3.4 mg/l) justified by the fact of the rain effect. Therefore, in the 
other cases when there were no precipitation, concentration of DO was lower. In 300% 
run, with no precipitation, DO concentration in the inlet point was the lowest (2.4 ± 1.2 
mg/l) whereas in the cases of 100% and 200% of recycling, both with rain, DO was higher 
than the former (4.0 ± 2.3 mg/l and 3.2 ± 1.7 mg/l, respectively). However, one-way 
ANOVA analysis shows that the concentrations of the inlet values were similar in all the 
runs (p = 0.257), and the post hoc analysis did not show differences among the campaigns. 

 
Table 5. 7 Average (± standard deviation, n=3) concentration of oxygen in the different 
sampling points and campaigns. 

Run Sample points 
0% (mg/l) 100% (mg/l) 200% (mg/l) 300% (mg/l) 

1 5.1 ± 3.4 4.0 ± 2.3 3.2 ± 1.7 2.4 ± 1.2 
1 mixed - 8.1 ± 0.3 9.4 ± 0.6 10.4 ± 0.1 

2 0.0 ± 0.0 1.5 ± 1.0 4.0 ± 2.1 8.1 ± 4.1 
3 10.3 ± 5.2 11.9 ± 6.0 11.7 ± 6.0 12.8 ± 6.4 
4 6.0 ± 3.0 10.7 ± 5.4 11.8 ± 5.9 13.0 ± 6.5 
5 12.2 ± 6.1 12.1 ± 6.1 12.6 ± 6.31 13.1 ± 6.5 

 
Table 5. 8 Average (± standard deviation, n=3) oxygen saturation in the  sampling points. 

Run Sample points 
0% (%) 100% (%) 200% (%) 300% (%) 

1 41 ± 23 35 ± 11 26 ± 7 20 ± 3 
2 - 12 ± 6 31 ± 6 59 ±2 
3 78 ± 5 94 ± 11 91 ± 1 91 ± 1 
4 45 ± 1 83 ± 6 90 ± 1 92 ± 5 
5 92 ± 3 95 ± 8 96 ± 3 93 ± 2 
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While wastewater passed through the system, principally within the beds, the 
necessary amount of oxygen was obtained in order to develop aerobic processes, for 
nitrification and to degrade the organic matter. Concentrations of O2 over 12 mg/l was 
measured in all the cases at the end of the system, with oxygen saturation over 92% in all 
the runs (see Table 5. 9). In 0% run, only a 78 ± 5% of saturation was achieved after the 
first reed bed. The reason is that there was a high concentration of COD in the wastewater 
and only a 41.7% of it was removed in the sedimentation tank. In all the other cases 
oxygen saturation in the sampling point 3 was over 91% because a removal over 77% as 
concentration of COD was already achieved. 

 
The objective in the sedimentation tank was to get anoxic conditions for denitrifying. 

High values of DO at the end of the system affected the denitrification process when 
treated wastewater was introduced in the sedimentation tank. This is because denitrifiers 
organisms will typically not denitrify nitrate in the presence of free oxygen (Kadlec and 
Knight, 1996). Thus, once raw wastewater was mixed with the recycled treated wastewater 
the amount of DO increased substantially. The maximum concentration after mixing 
coincided with the maximum recycling value (10.4 ± 0.1mg/l) and decreased with the 
lower amount of volume recycled to the sedimentation tank. It is important to remember 
that the supply of the recycled wastewater to the sedimentation tank was in batches. Thus, 
just after each batch the amount of oxygen was at the maximum, so the aerobic bacteria 
could degrade the organic matter. The time between two consecutive batches could be so 
long that the amount of oxygen finished and then the facultative heterotrophic bacteria 
should use nitrate as acceptor of electrons and then denitrification process started. If the 
time between batches was too short, denitrification was more difficult because oxygen 
always would be present in the sedimentation tank. Therefore, when the recycled 
percentage was higher the frequency of batches was also higher and the denitrification 
process was affected. However, as it will be explained later, denitrification was successful 
in the sedimentation tank in all the runs in spite of the oxygen concentration. Therefore, 
apart from the fact that oxygen consumption by bacteria among batches could be one 
explanation for starting the denitrification, other factors had to take part. Probably, the fact 
that the sedimentation tank was not an ideal reactor of complete mixture could promote 
some preferential pathways and, as a result, “patches” with anoxic conditions could 
develop inside the tank. 

 
From Figure 5. 4 it is possible to see the influence of recycling in DO and how as 

higher percentage of recycling was applied higher concentration of DO inside the 
sedimentation tank developed. In the case of non-recycling there were absolutely anoxic 
condition in the sedimentation tank, in spite of DO in the raw influent wastewater was the 
maximum. However, the process of denitrification would not be relevant due to there be no 
recycling. From the recycling flow and oxygen concentrations after mixing in the 
sedimentation tank, a regression lineal analysis has been carried out, and it shows that the 
amount concentration after mixing is, obviously, dependent on the amount of water 
introduced (R2 = 0.8906). The difference up to 1 was due to different factors as follows: 
samples were taken at different time from the previous batch, the reactor was not ideal, the 
preferential pathways, etc. 
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Figure 5. 4 Average (± standard deviation, n = 3) 
concentration of oxygen in the sedimentation tank. 

 
It is important to take into account that the amount of COD decreased, as it will be 

commented later, significantly due to the amount of DO inside the tank. 
 

On the other hand, it is necessary to remember that the rate of saturation depends on 
the temperature, that is, the lower is the temperature the higher is the saturation of oxygen 
in the wastewater. In this case, this effect was not too much important because the 
variability of the temperature ranged from 7.13°C to 3.40°C. 

 
 

5.1.6  Total suspended solids  
 

Removal of suspended solids in all the cases was over 99% (see Table 5. 9). Most of 
the removal took place in the sedimentation tank by dilution and/or settlement (mean of 
92.4%) followed by the beds by filtration (see Figure 5. 5). In the 100% run only a 75.1% 
of elimination was achieved after the sample point 2. In this case, the inlet value from raw 
wastewater was quite low due to heavy rain during the sampling campaign generating a 
dilution effect. In the 200% and 300%, a removal of 95.3% and 96.3% was achieved 
respectively in the sedimentation tank. These high values are consequence of two 
phenomenons: the high efficiency of the sedimentation tank and the effect of dilution 
generated by recycling due to at this moment the volume recycled was considerable. In the 
case of non-recycled run, removal in the septic tank was also high, 88.1%, even though 
there was no recycling and only in the first day of campaign rained. After the first bed, 
removal effect reaches a percentage between 97.6% (in the 100% run) and 99.9% (in the 
300%). The efficiency of the second bed was not representative, due to the low 
concentration of suspended solids that reached, thanks to the effectiveness of the previous 
elements of the system. 

 
 
 
 
 



Results and Discussion 

75 

Table 5. 9 Average (± standard deviation, n=3) concentration of total suspended solids in 
the different sampling points and campaings. 

Run Sample points 
0% (mg/l) 100% (mg/l) 200% (mg/l) 300% (mg/l) 

1 656.5 ± 638.1 166.2 ± 69.3 532.9 ± 250.1 1089.7 ± 423.4 
1 mixed - 82.7 ± 35.3 184.8 ± 105.6 273.7 ± 100.2 

2 77.9 ± 53.3 41.3 ± 3.1 25.2 ± 9.6 40.4 ± 3.3 
3 5.4 ± 3.4 4.0 ± 1.7 10.0 ± 1.4 5.0 ± 2.9 
4 1.4 ± 1.8 1.1 ± 0.2 0.5 ± 0.2 1.53 ± 0.5 
5 0.4 ± 0.2 0.6 ± 0.0 1.0 ± 1.2 0.4 ± 0.5 
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Figure 5. 5 Accumulated percentage removal of TSS through all 
the campaigns and in the sampling points 1 mixed, 2, 3 and 5 
obtained from inlet wastewater and based on concentration. 

 
Suspended solids removal implies a removal of other wastewater quality parameters 

as well, like COD, total nitrogen and orthophosphate. The high percentages of suspended 
solids that were retained in the sedimentation tank promoted a high microbial activity due 
to high percentage of COD was retained, as it is explain below. In addition, it is important 
to be aware of removing pathogens due to a high percentage of them stayed in solids 
surface. 

 
Metcalf & Eddy (1995) affirm that a strong concentration of total suspended solids in 

an untreated domestic wastewater is around 350 mg/l. From the data, it is possible to see 
that in the days that were raining the concentration of suspended solids was close to this 
value. However, the data of the days without rain show that the concentration was up to 
four times higher. This situation could induce us to think that this wastewater contains a 
high percentage of sands, and it would require a study of non-volatile solids. In addition, 
these values so disperses generated a high standard deviation value. However, the ANOVA 
of the inlet concentrations depending on the percentage recycled shows that the inlet values 
could belong to the same sample (p = 0.119) and the post hoc analysis does not show 
differences among runs, being the lowest significance between the 100% and 300% run (p 
= 0.140). 
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5.1.7 Chemical Oxygen Demand 
 

The typical concentration of COD in an untreated domestic wastewater ranges 
between 250 and 1000 mg O2/l (Metcalf & Eddy, 1995). The data obtained from the 
analysis shows that only in two of the sampling days, belonging to the 300% run these 
values were surpassed, coinciding with those in which there were the maximum 
concentration of suspended solids (TSS). Thus, concentration of COD seems to be directly 
related with concentration of TSS because the minimum concentration of both COD and 
TSS was in 100% run whereas the maximum of both was in 300%. On the other hand, one-
way ANOVA has been carried out and it shows that inlet values have p = 0.105. A post 
hoc analysis did not show significantly differences between the runs, being the highest one 
between the 100% and 300% runs (p = 0.115). The mean concentration COD values of 
each campaign are summarised in the following Table: 

 
Table 5. 10 Average (± standard deviation, n=3) concentration of COD in the different 
sampling points and campaigns. 

Run Sample points 
0% (mg O2/l) 100% (mg O2/l) 200% (mg O2/l) 300% (mg O2/l) 

1 769.1 ± 140.5 456.4 ± 48.4 782.5 ± 313.9 1106.9 ± 419.3 
1 mixed - 254.1 ± 36.2 294.4 ± 135.3 294.4 ± 97.6 

2 448.6 ± 123.9 104.5 ± 59.9 121.5 ± 32.5 109.2 ± 11.6 
3 54.4 ± 17.8 54.0 ± 1.0 50.0 ± 17.1 33.9 ± 5.3 
4 59.4 ± 12.4 76.9 ± 13.5 35.6 ± 4.0 34.2 ± 13.2 
5 34.3 ± 8.8 56.6 ± 31.9 37.8 ± 2.5 23.4 ± 4.2 

 
Results obtained of this parameter shows that removal percentages as concentration 

in the outlet of the system ranged from 87.6% (100% run) to 97.9% (300%) in all the 
cases. The efficiency in 0% run was 95.5% and in 200% run was 95.2%. In runs with 
recycling the majority COD removal occurred in the sedimentation tank. The main reason 
can be the effect of mixing with recycled treated wastewater, as shows the Table 5. 10. The 
higher value of removal between the points 1 and 2 belongs to the campaign of 300%, 
90.1%. In 100% and 200% runs, a removal of 77.1% and 84.5% was achieved, 
respectively, whereas the lowest percentage of removal between these points was in the 
non-recycling run, 41.7% (see Figure 5. 6 ). The percentages of removal just after mixing 
were 44.3%, 62.4% and 73.4% for 100%, 200% and 300% runs respectively. Therefore, it 
means that efficiency of removal is highly dependable on the percentage of recycling to the 
sedimentation tank. It is rather significant that in the 300% run the concentration in the 
inlet was the highest, but after mixed it was similar at 200% run. Sedimentation and 
biochemical degradation were the responsible of the other part of removal percentage in 
runs with recycling whereas those were the only responsible of COD removal in the 
campaign without recycling. 

 
After the sedimentation tank, wastewater passed through the first bed in which a 

removal between 88.2 (100% run) and 96.9 (300% run) was achieved. It is noticeable the 
performance of this element of the system in the 0% run due to a removal of 92.9% was 
reached. The effect of the second bed was quite low because of the little concentration of 
COD loading. 
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From concentration of 1 mixed point, one-way ANOVA has been carried out. It is 
interesting to see that once COD was inside the sedimentation tank the differences among 
the runs increased (p = 0.001) because the amount introduced from the sewage was similar 
but the volume of water recycled was different and, as a result, the samples inside the tank 
were different. The differences were between the 0% and the other runs (p < 0.005). Even 
though these differences, it is important to appreciate that at the end of the system 
percentages of removal were similar, so it can be concluded that the amount of COD 
removed was independent of the inlet values. 

 

Figure 5. 6 Accumulated percentage removal of COD through 
all the campaigns and in the sampling points 1 mixed, 2, 3 and 
5 obtained from inlet wastewater and based on concentrations. 

 
To study the data available in mass units (grams per day) is necessary to multiply the 

concentration by the flow. Thus, it is possible to observe that, obviously, the effect of the 
recycling did not remove COD, because the inlet value was the sum of COD from the 
wastewater and COD from the recycling. When we talk about mass, a percentage removal 
around 61% was performed as a maximum in all the runs in the sedimentation tank and the 
total percentage of removal in the outlet of the system was always lower than if the data is 
treated as a concentration, except for the non-recycled run, where a removal of 95.6% was 
achieved (see Figure 5. 7). The reason of this high performance at the end of the system in 
the 0% run might be because of the long HRT, which was high, compared with the others 
where the organic compounds have less time for being decomposed in the system.  

 
However, it would be expected that the highest performance in the sedimentation 

tank should occur for the run without recycling, because of the long HRT, but it did not 
happen. The best removal rate was achieved in the 300% run, with 61.0% COD removal in 
contrast with a 41.7% in the 0% recycling run. One possible reason could be that the yield 
of the aerobic bacteria is higher than the anaerobic. In the non-recycling run the conditions 
were anoxic in the sedimentation tank whereas in 300% campaign oxygen saturation was 
around 59%. In spite of these percentages of COD removal in the sedimentation tank, 
between 74.5% (100% run) and 95.6% (0%) were achieved at the outlet of the system, 
thanks to the performance of the beds. The first bed was the most effective with a removal 
range between 76.2% (100% run) and 92.9% (0% run). 
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Table 5. 11 Average (± standard deviation, n=3) mass emission rate of COD in the 
different operation units and campaigns. 

Run Sample points 
0% (g/d) 100% (g/d) 200% (g/d) 300% (g/d) 

1 386.9 ± 76.3 268.0 ± 44.5 516.7 ± 286.7 694.5 ± 276.4 
1 mixed - 302.4 ± 61.7 564.3 ± 287.4 737.8 ± 280.2 

2 225.7 ± 66.0 120.9 ± 66.0 228.6 ± 53.9 270.6 ± 32.3 
3 27.3 ± 9.1 63.8 ± 2.6 93.4 ± 26.0 84.3 ± 15.9 
4 29.7 ± 5.1 91.5 ± 20.0 67.6 ± 10.5 86.0 ± 37.2 
5 17.1 ± 3.7 68.4 ± 42.0 71.8 ± 8.7 57.9 ± 9.7 
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Figure 5. 7 Accumulated percentage removal of COD through 
all the campaigns and in  the sampling points 1 mixed, 2, 3 and 
5 obtained from inlet wastewater based on mass emission 
rates. 

 
As it is well known, heterotrophic bacteria need COD to develop themselves and to 

carry out the denitrifying process. This is well achieved in this kind of system because the 
amount of COD in the sedimentation tank should be enough. However, if the process of 
denitrifying takes place in a horizontal constructed wetland, established after the vertical 
flow bed, the conditions for the process to take place would not be favourable and 
therefore the efficiency would be reduced. Another aspect that justifies this kind of system 
in front of other ones is the wastewater characteristics because the dilution is favourable to 
the performance of the system. 

 
In order to know the kinetic performance of the process, constants have been calculated 

and are summarised in the following Table: 
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Table 5. 12 Average (± standard deviation, n=3) kinetics of COD in the 
sedimentation tank and both beds in the different campaigns. 

Run Operating unit 
0% 100% 200% 300% 

Sedimentation tank 
(d-1) 0.14 ± 0.12 0.64 ± 0.60 0.82 ± 0.45 1.21 ± 0.42 

1st bed (m/d) 0.12 ± 0.01 0.06 ± 0.10 0.19 ± 0.06 0.32 ± 0.07 
2nd bed (m/d) 0.06 ± 0.01 0.11 ± 0.12 0.01 ± 0.04 0.20 ± 0.27 

 
From the data, it is possible to notice that kinetics in the sedimentation tank increased 

whenever higher was the percentage recycled. This situation did not correspond to a higher 
bacteria performance but it was related to the recycled percentage, that is, the 
concentration in the sampling point 2 was lower whenever higher was the percentage 
recycled. 

 

Figure 5. 8 Kinetics constants concerning COD removal in 
the sedimentation tank. 

 
In the first bed kinetics are comparable due to there where no addition of flow. The 

results show that the highest performance corresponded to the 300% run. These results are 
rather strange because would be logic to expect that the higher recycled percentage would 
have the lowest performance as a consequence of the lowest HRT. Probably the reason was 
because of the amount of COD in the inlet. It is significant that, fortuitously, the amount of 
COD in these campaigns increased from 100% to 300% (see Table 5. 11). 

 
In the second bed the performances were lower than in the first because the 

remaining amount of COD was quite low and probably it was difficult to degrade it 
organically. 
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Figure 5. 9. Kinetic constants concerning COD removal in the 
first bed. 

Figure 5. 10 Kinetic constants concerning COD removal in the 
second bed. 

 
 

5.1.8  Nitrogen Kjeldahl 
 

Kjeldahl Nitrogen is the amount of total nitrogen except oxidised nitrogen (nitrite and 
nitrate). It is logic to expect that nitrogen Kjeldahl will diminish through the system, due to 
ammonia reduction that should be converted into nitrite and nitrate. In the Table 5. 13 is 
possible to see concentrations in the different sampling points. 

 
Inlet TKN concentrations are similar in 0%, 100% and 200% runs. However, 

concentration in the campaign of 300% recycling was high, compared with the others. This 
is consistent with the high concentration of both TSS and COD for this run. Furthermore, 
one-way ANOVA shows that concentration in the inlet are similar (p = 0.066) and the most 
significant difference was between the 300% run and the other ones. 
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Table 5. 13 Average (± standard deviation, n=3) concentrations of TKN in the different 
sampling points and campaigns. 

Run Sample points 
0% (mg/l) 100% (mg/l) 200% (mg/l) 300% (mg/l) 

1 34.55 ± 13.78 37.30 ± 2.28 37.33 ± 10.15 56.94 ± 7.87 
1 mixed - 18.73 ± 1.30 12.77 ± 4.88 13.97 ± 1.39 

2 33.24 ± 4.01 19.26 ± 1.89 9.70 ± 2.20 10.22 ± 0.55 
3 3.83 ± 1.47 0.73 ± 0.37 0.07 ± 0.11 0.49 ± 0.26 
4 3.11 ± 3.09 0.65 ± 0.33 0.28 ± 0.33 0.49 ± 0.34 
5 0.04 ± 0.63 0.57 ±0.13 0.06 ± 0.24 < 0.05 

 
In runs with recycling, raw wastewater was mixed with recycled treated wastewater, 

TKN concentration decreases considerably and this reduction of concentration was 
proportional to the recycled volume (see Figure 5. 11). Once wastewater was mixed the 
differences between runs increased significantly (p = 0.023). The post hoc analysis reveals 
that the highest differences were between the 0% run and the runs with recycling. Among 
the runs with recycling significance level was over 0.05 in concentrations after mixing in 
the sedimentation tank. 
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Figure 5. 11 Accumulated percentage removal of TKN 
through all the campaigns and in the sampling points 1 
mixed, 2, 3 and 5 obtained from inlet wastewater and based 
on concentrations. 

 
In all the cases, a percentage TKN removal over 98% was achieved at the outlet of 

the system. In the campaign without recycling, there was no removal of nitrogen Kjeldahl 
in the sedimentation tank, probably due to anoxic conditions in the tank, that is, no there 
were oxygen available to oxidise the ammonia, so within sedimentation tank only 
degradation of organic matter occurred. After this point, wastewater was conducted to the 
first bed, where 88.9% of removal was achieved, that is, a large amount of ammonia was 
transformed to nitrite and nitrate. After the second bed TKN removal percentage was close 
to 100%. 

 
In 100% run, and because of the effect of the recycled wastewater, and once raw 

wastewater was mixed with recycled effluent, the percentage removal as concentration was 
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about 49.8%. In the sedimentation tank, values of Kjeldahl removal rates remained 
approximately at the same level. The actual removal percentage should be increased 
slightly, because around 2 mg/l of nitrite was generated however, the result does not shown 
this situation, probably for little errors in the process. In the first bed outlet a removal of 
98.0% was achieved and this percentage remained until the end of the system. 

 
In the next two runs, 200% and 300% of recycling, TKN removal in the 

sedimentation tank raised to 74.0% and 82.1% respectively. It is interesting to see that, 
depending on the percentage recycled, removal percentages in the sedimentation tank 
increased due to the effect of dilution. However, the ammonia removal in the 
sedimentation tank, measured from the mixed values, were 24.0% and 26.0% 
corresponding to 200% and 300% runs respectively. After the first bed, removals in both 
runs were over 95% and after the second one close to 100%. 

 

Table 5. 14 Average (± standard deviation, n=3) mass emission rate of TKN in the 
different operation unit and campaigns. 

Run Sample points 
0% (g/d) 100% (g/d) 200% (g/d) 300% (g/d) 

1 17.48 ± 7.41 21.89 ± 2.92 24.40 ± 10.45 35.60 ± 5.37 
1 mixed - 22.23 ± 2.88 24.47 ± 10.62 34.77 ± 5.31 

2 16.72 ± 2.29 22.72 ± 1.27 18.50 ± 5.17 25.38 ± 2.84 
3 1.92 ± 0.76 0.84 ± 0.40 0.13 ± 0.22 1.22 ± 0.63 
4 1.62 ± 1.59 0.76 ± 0.36 0.53 ± 0.64 1.23 ± 0.88 
5 0.03 ± 0.31 0.67 ± 0.13 0.12 ± 0.45 < 0.05 
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Figure 5. 12 Accumulated percentage removal of TKN 
through all the campaigns and in the sampling points 1 
mixed, 2, 3 and 5 obtained from the inlet wastewater and 
based on mass emission rates. 

 
On the other hand, if the data is also analysed in grams/day, it is possible to see that 

the maximum elimination between the inlet and the sampling point 2 occurred in the 300% 
run, the same run that introduced the highest amount of oxygen in the sedimentation tank 
(because introduced at the same time the highest amount of treated wastewater). In the 
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other runs, the efficiency decreased proportionally to the volume recycled. The effect of 
oxygen is also clear in the 0% and 100% recycling runs in which removal after 
sedimentation tank were close to zero, whereas in other cases Kjeldahl nitrogen started to 
diminish. In this way Kjeldahl nitrogen could be an indicator of anoxic conditions. 
 
 

5.1.10 Ammonia 
 

The processes related with ammonia were basically two: generation of ammonia, 
because not the whole amount of organic nitrogen was degraded, and removal of ammonia 
by nitrification or ammonia volatilisation. As it has been commented before, removal by 
volatilisation was negligible and therefore it was not an effect that should be considered. 
This implies that nitrification process was the responsible of ammonia removal and it 
would only take place in those points where DO was available. Thus, it is expected that a 
large amount of ammonia will be removed in the both beds, and only would be removed in 
the sedimentation tank in those cases in which the amount of DO would be enough for the 
process to happen. 

 
Table 5. 15 Average (± standard deviation, n=3) concentration of ammonia in the different 
sampling points and campaigns. 

Run Sample points 
0% (mg/l) 100% (mg/l) 200% (mg/l) 300% (mg/l) 

1 14.4 ± 2.3 22.5 ±2.0 15.7 ± 4.1 27.0 ± 2.6 
1 mixed - 11.1 ± 1.1 5.4 ± 1.9 6.8 ± 0.7 

2 26.1 ± 2.0 13.3 ± 0.3 7.6 ± 1.7 7.9 ± 0.5 
3 5.3 ± 0.5 0.2 ± 0.1 0.1 ± 0.0 1.0 ± 0.1 
4 4.7 ± 0.8 0.1 ± 0.0 0.0 ± 0.0 0.9 ± 0.1 
5 0.1 ± 0.1 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

 
Raw wastewater concentrations that went incoming to the sedimentation tank from 

the sewage had disperse values (p = 0.002), being the most significant differences between 
the 0% and the 300% run (p = 0.004). Among the other runs, the significant levels were 
over 0.05. 

 
Once raw wastewater was introduced in the sedimentation tank was rapidly mixed 

with the recycled treated wastewater. This situation generated a dilution effect and a 
reduction of NH4 concentrations (p = 0.001). This removal was proportionally higher to the 
volume recycled (see Table 5. 15 and Figure 5. 13). For instance, in the case of 300% a 
74.8% of removal in concentration was achieved, whereas in the case of 100% the removal 
was 50.7%.  

 
In the run without recycling an increase of ammonia was observed in the 

sedimentation tank, up to 26.1 mg/l (generation around 80.5% more NH4 than the influent) 
because the absence of oxygen made impossible to convert ammonia into nitrite. In the 
first bed NH4 concentration decreased to 5.3 mg/l (that is, 63.6% removal from the inlet 
value) owing to the nitrification process, but NH4 was not removed completely probably 
because of the amount of COD remaining in the wastewater (only 41.7% of COD was 
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removed in the sedimentation tank). For this run, in the second bed, ammonia was removed 
totally (COD removal reaches up to 95.5%) and the cumulative percentage of removal at 
the outlet of the system was 99.3%. 
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Figure 5. 13 Accumulated percentage removal of NH4

+ 
through all the campaigns and in the sampling point 1 
mixed, 2, 3 and 5 obtained from inlet wastewater and 
based on concentrations. 

 
In the 100% campaign, the concentration of ammonia increased by 2.2 mg/l in 

average in the sedimentation tank (between points 1 mixed and 2). The low amount of 
oxygen available prevented that nitrification could develop. Concentration of TKN in this 
point increased as well, probably due to some contribution from the sedimentation tank, 
and probably this increase was in ammonia form even though there is no data available to 
confirm it. In the first bed all the ammonia in the water was converted into nitrite and 
nitrate (99.1% of removal), leaving very little ammonia available for the second bed to 
show capacity but the overall performance increased slightly. 

 
In the 200% run, concentration of NH4 in the sedimentation tank increased by 2.29 

mg/l, but the TKN concentration decreased. This will be analysed later when mass balance 
analysis will be undertaken. The first bed concentration of ammonia decreased to 0.12 mg/l 
showing ammonia removal performance of 99.3%. Nitrification was achieved without any 
problem. In the second bed, this percentage augmented vaguely but the inlet concentration 
of ammonia was also very low. 

 
In the last run, with 300% of recycling, as in the other ones, concentration of 

ammonia increased in the sedimentation tank (1.09 mg/l) but TKN was reduced 3.75 mg/l. 
In the first bed the concentration decreased to 1.02 mg/l (96.2% of removal) because of 
nitrification. In the second bed the removal performance increased up to an ove rall removal 
of 99.9%. 

 
From the Figure 5. 13 it is possible to observe that NH4 percentages removed by 

dilution increased whenever the recycled volume increased. In the sedimentation tank, 
generation of ammonia occurred, as it has been reported, but the NH4 increase was lower 
when higher was the percentage recycled owing to the amount of DO introduced in the 
sedimentation tank also was higher. 
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For all runs the first bed removed a large amount of ammonia. The major amount 
corresponded with the 0% run, in which the removal was 20.8 mg/l, even though at the 
outlet of this bed the concentration was the highest (5.3 mg/l) compared with the other 
runs. It is worth mentioning that the outlet concentration of the system of NH4 in the 0% 
run was 0.1 mg/l and in all the cases up to 99% removal was achieved. 

 
In order to compare the amount of ammonia removed, it is possible to transform 

concentration into mass/time. Thus, it is possible to see, as in the former discussion about 
concentrations, that in the sedimentation tank ammonia was generated. This is directly 
related with concentration of COD. As it can be seen in the table most of the ammonia was 
removed in the first bed by nitrification. 

 
Table 5. 16 Average (± standard deviation, n=3) mass emission rate of ammonia in the 
different operation units and campaigns. 

Run Sample points 
0% (g/day) 100% (g/day) 200% (g/day) 300% (g/day) 

1 7.3 ± 1.4 13.20 ± 2.2 10.3 ± 4.2 16.84 ± 1.53 
1 mixed - 13.23 ±2.2 10.26 ± 4.23 16.91 ± 1.52 

2 13.1 ± 1.2 15.7 ± 0.7 14.6 ± 4.0 19.7 ± 2.0 
3 2.6 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 2.5 ± 0.5 
4 2.4 ± 0.3 0.1 ± 0.0 0.1 ± 0.0 2.3 ± 0.4 
5 0.1 ± 0.0 0.1 ± 0.0 < 0.05 0.1 ± 0.0 

 
Mass analysis of the run without recycling shows tha t the amount of ammonia 

generated in the sedimentation tank was 5.8 g/d whereas TKN was reduced in 0.8 g/d. This 
values reveals that the amount of ammonia generated in this element was 6.6 g/d but due to 
assimilation, principally, and nitrification (very low because the amount of DO was very 
low) 0.8 g/d was removed. In the first bed, TKN was reduced 14.8 g/d and ammonia only 
did 10.5 g/d. It is expected that the difference was converted into nitrite and nitrate since 
oxygen saturation percentage was 78 ±  5%. In the P-unit filter and in the second bed the 
amount of ammonia and TKN were reduced parallely and the outlet concentration was 
registered below 1 g/d. 

 
In the run with 100% of recycling, 2.5 g/d of ammonia inside sedimentation tank was 

generated and the mass of TKN between the sampling point 1 mixed and 2 kept similar 
values, so it is possible to think that this value was a result of changing organic nitrogen to 
ammonia. In the first bed 15.5 g/d of ammonia were removed whereas TKN was reduced 
21.9 g/d. Part of this mass could be assimilated but the major part had to be transformed in 
ammonia, which in its turn was converted in nitrite. In the P-filters and in the second bed 
both ammonia and TKN were reduced proportionally and in the outlet of the system both 
concentration were below 1 g/d. 

 
In the 200% campaign, the amount of ammonia increased in the sedimentation tank 

4.3 g/d whereas the amount of TKN decreased 6.0 g/d. These number shows that the actual 
amount of ammonia generated was 10.3 g/d, but 6.0 g/d of those were converted in nitrite 
and nitrate by nitrification. In the first bed, 14.4 g/d was removed and 18.4 g/d of TKN was 



Chapter V 

86 

reduced too, so it has to represent that a major amount than 14.4 g/d was converted into 
nitrite. In both subsequent units of the system removal performances were maintained. 
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Figure 5. 14 Accumulated percentage removal of NH4

+ 
through all the campaigns and in the sampling points 2, 3 
and 5 obtained from inlet wastewater and based on mass 
emission rates. 

 
In the run with 300% of recycling, the amount of ammonia in the sedimentation tank 

increased 2.8 g/d whereas TKN was reduced 9.4 g/d. Therefore, actually 12.2 g/d of 
ammonia were generated but 9.4 g/d were converted into nitrite. It is relevant to see that 
the higher the recycled percentage was the lower the fraction of TKN removed, which 
continued in the ammonia form in the sedimentation tank. Nitrification process occurred 
proportionally to the recycled volumes. In the first bed the amount of ammonia decreased 
17.15 g/d whereas the amount of TKN did it 24.16 g/d, therefore nitrification in the vertical 
flow constructed wetland worked quite well. In the second bed the amount of ammonia 
remaining in the water was removed. 

 
The removal of ammonia in the constructed wetlands can be represented by a first-

order equation too. Removal kinetics of the process has been determined and summarised 
in the Table 5. 17. 

 
 

Table 5. 17 Average (±standard deviation, n=3) kinetics of ammonia in both beds and 
in the different campaigns. 

Run Operation unit 
0% 100% 200% 300% 

1st bed (m/d) 0.09 ± 0.01 0.58 ± 0.14 0.88 ± 0.07 0.57 ± 0.04 
2nd bed (m/d) 0.46 ± 0.09 0.28 ± 0.16 0.26 ± 0.11 1.78 ± 0.09 

 
Analysing the kinetics it is possible to comment that in the run without recycling this 

parameter was higher in the second bed than in the first. As it has been mentioned before, 
in the first bed COD was being degraded, so there was simultaneous generation of 
ammonia, as well as elimination by nitrification, so probably both processes were 
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compensated. In the second bed, once the majority of COD was degraded all the ammonia 
was converted in nitrite and subsequently in nitrate, so the kinetic constants were higher. 

Figure 5. 15 Kinetic constants concerning ammonia in 
the first bed. 

 

Figure 5. 16 Kinetic constants concerning ammonia 
removal in the second bed. 

 
In 100% and 200% of recycling kinetics are higher in the first bed due to a large 

amount of COD was degraded yet (76.2 g/d and 81.9 g/d in mass and 88.2 and 93.6 mg/l as 
concentration respectively), so in the second bed the performances were lower. During the 
300% recycle run, in the first bed, the values of the kinetics were lower in average than in 
the former runs in spite of the amount of ammonia removed was the highest of all. The 
reason was the effect of dilution. After the sedimentation tank, the concentration in the 
300% run was similar to that of 200% recycle run (7.9 mg/l in 300% and 7.6 mg/l in 200% 
run), but after the first bed concentration in the 300% run (1.0 mg/l) was higher than in the 
200 % run (0.1 mg/l), even though the amount of ammonia removed in the 300% run was 
the highest of all campaigns (17.2 mg/l). As a consequence, in second bed there was some 
ammonia to remove so kinetics in this bed was the highest. 
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5.1.10  Nitrite and Nitrate 
 

Once organic nitrogen was converted into ammonium, the next step in the nitrogen 
cycle was to convert ammonia into oxidised compounds such as nitrite and nitrate. The 
objective in the system was to successfully nitrify the highest amount of NH4 and 
subsequently denitrified. The success of the process depends on both the amount of 
degraded nitrogen and converted into ammonia and the amount of oxygen available. 
Influent raw wastewater in the system, had low concentrations of nitrite and nitrate, except 
in those cases in which the rain introduced some oxygen and some amount of nitrite and 
nitrate would be present. 

 
The ANOVA shows that the 200% run had an inlet concentration of nitrite 

significantly different than the other runs (p < 0.004), while the other runs were 
significantly similar (p > 0.05). Once raw wastewater was mixed with the recycled 
wastewater only between the 100% and 200% runs the significant level of nitrite 
concentration was over 0.05. On the other hand, the inlet concentrations of nitrate were 
similar among all the runs (p = 0.233) and once mixed only 100% and 200% had a 
significant level over 0.05. 
 

In the following Tables are summarised the average concentrations of nitrite and 
nitrate in all sampling points: 

 
Table 5. 18 Average (± standard deviation, n=3) concentration of nitrite in the different 
sampling points and campaigns. 

Run Sample points 
0% (mg/l) 100% (mg/l) 200% (mg/l) 300% (mg/l) 

1 0.23 ± 0.03 0.23 ± 0.03 0.35 ± 0.03 0.16 ± 0.02 
1 mixed - 0.14 ± 0.2 0.15 ± 0.02 0.08 ± 0.01 

2 0.11 ± 0.06 2.01 ± 0.71 0.80 ± 0.15 0.40 ± 0.02 
3 0.68 ± 0.03 0.11 ± 0.02 0.07 ± 0.00 0.08 ± 0.01 
4 0.56 ± 0.03 0.15 ± 0.02 0.10 ± 0.02 0.10 ± 0.01 
5 0.34 ± 0.15 0.06 ± 0.01 0.05 ± 0.00 0.05 ± 0.01 

 
Table 5. 19 Average (± standard deviation, n=3) concentration of nitrate in the different 
sampling points and campaigns. 

Run Sample points 
0% (mg/l) 100% (mg/l) 200% (mg/l) 300% (mg/l) 

1 1.70 ± 0.70 1.26 ± 0.15 1.51 ± 0.84 0.71 ± 0.25 
1 mixed - 9.74 ± 1.15 9.29 ± 0.46 14.28 ± 0.65 

2 0.00 ± 0.11 0.52 ± 0.69 5.61 ± 0.67 13.81 ± 0.48 
3 31.13 ± 1.26 17.54 ± 0.68 11.96 ± 1.28 18.68 ± 0.98 
4 31.28 ± 2.29 18.88 ± 1.81 12.07 ± 0.82 17.01 ± 1.30 
5 35.84 ± 1.46 18.05 ± 2.42 13.26 ± 0.40 18.87 ± 0.88 

 
The most remarkable aspect in the run without recycling is the absence of nitrate in 

the outlet of the sedimentation tank and the large values of this compound in both 
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constructed wetlands. To study what was happening in the sedimentation tank it is 
necessary to remember that in this point the amount of dissolved oxygen available was 
almost zero therefore, it was not possible to convert nitrite into nitrate and all the nitrate 
that was brought in was converted into nitrogen gas rapidly due to the prevalent anoxic 
conditions and the development denitrifying bacteria. Thus, the removal performance of 
this particular run is 100%, because the entire nitrate inlet was denitrified. However, the 
objective of the experiment was to remove the recycled nitrogen so this performance is not 
important due to the low amount of nitrate. 

 
Once wastewater trickled through the first bed in the 0% run, oxygen was available, 

so nitrifying process started and it seems that the whole amount of nitrogen was converted 
into nitrate. First of all ammonia was converted into nitrite and subsequently nitrite into 
nitrate, so concentrations of both ammonia and nitrite were decreasing while wastewater 
went through the system. In the first bed other processes took place simultaneously: COD 
was still being removed because sedimentation tank only got rid of 41.7%, so degradation 
processes took place and, secondly, generation of ammonia occurred too, which was 
directly related with COD and TKN degradation. In the second bed, removal processes 
continued, because in the inlet of this one only a 67.3% of ammonia was removed, 
although nitrate concentration did not show it. At the end of the system not the entire 
amount of nitrite was converted into nitrate because 0.34 mg/l remained. Also, it is 
remarkable the high concentration of nitrate in the outlet of the system. This can be 
justified by the simple absence of mixing, since during this run there was no recycling. 

 
In the following campaign, 100% of recycling, it is noticeable that concentration of 

nitrate increased after mixing, 9.74 mg/l, and at the outlet of the sedimentation tank 
percentage removal from the mixed value was around 94.7%. The reason for this high 
removal percentage must be the denitrification process. In other hand, nitrite values 
decreased after mixing, but increase to 2.01 mg/l, being the highest concentration in this 
point, compared with the other runs. It is interesting to remember that in the sampling point 
2 concentration of oxygen was around 1.5 mg/l, a low concentration that seems to permit 
developing denitrification without problems. Furthermore, we have to remember that the 
supply of recycled water was in batches and this concentration is an average value, 
therefore it is possible that the concentration of oxygen in some moments of the process 
were under 1 mg/l. 

 
Once wastewater was conducted to the first bed, nitrifying process started again 

converting all ammonia into nitrite and nitrate. It is worth to remember that for this run, 
after the sedimentation tank only 40.9% of ammonia was removed but after the first bed a 
removal around 99% was accomplished. At the same time, nitrate concentration at the 
outlet of the first bed was similar at the outlet of the system. This means that the nitrifying 
process in this bed had a high performances. As a consequence, the efficiency of the 
second bed was not necessary in ammonia removal, and it was used to convert the rest of 
nitrite into nitrate. Concentrations of these parameters were lower compared to those 
obtained in 0% run due to dilution effect. 

 
In the 200% run, nitrate concentration after mixing was 9.29 mg/l, a concentration 

similar to the 100% run (p = 1.000) but in this case the removal percentage between the 
mixed value and the outlet of the sedimentation tank only achieved around 39.6%. In this 
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run, the amount of oxygen available in the septic tank was higher than in the previous one 
due to the oxygen saturation was around 31%. As a consequence, presence of oxygen 
prevented the development of anoxic conditions and consequently heterotrophic bacteria 
development was more difficult. Furthermore, the frequency of the recycled water supply 
was also higher. In both beds nitrification continued without restrictions since the amount 
of oxygen was no limited. Nitrite value was close to zero at the end of the system because 
a 99.3% of ammonia was removed after the first bed. 

 
In the 300% of recycling, nitrate concentration after mixing was 14.28 mg/l and in 

the outlet of the sedimentation tank was 13.81 mg/l. This implies that only a 3.3% of NO3 
removal was achieved between these points. As expected, the oxygen saturation percentage 
was the highest of all the runs with 52%. This made difficult anoxic conditions to occur in 
the sedimentation tank and subsequently affected the development of denitrifying bacteria. 
Even though this large amount of oxygen, as it will be commented below, it is possible to 
think that inside the sedimentation tank was possible to reach anoxic conditions, specially 
in the lower part of the tank, because the recycled volume was introduced in the top part 
and the mixture was difficult. 

 
Through the beds, the nitrification process continued until a concentration around 

18.87 mg/l. After the first bed 96.2% of ammonia was removed so the nitrite generated was 
converted into nitrate in the same bed. 

 
Figure 5. 17 shows the performance of nitrate removal in the sedimentation due to 

denitrification. The most important aspect to be aware is the high removal percentage when 
a 100% recycling occurred and the decreasing nitrate removal effect as the volume recycle 
increases. Removal of 0% run was around 100% because removed the whole amount of 
nitrate that was entering in the system, but has not especial importance because there were 
no recycling. 

 

0%

20%

40%

60%

80%

100%

120%

0% 100% 200% 300%

Runs

R
em

ov
al

 p
er

ce
nt

ag
e

 
Figure 5. 17 Average (± standard deviation, n=3) 
nitrate removal in the sedimentation tank for all the 
campaigns and based on concentration. 

 

The data presented also has to be analysed as mass loading. The analysis shows that 
the removal percentages are exactly the same as concentration if the percentages are 
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evaluated between the mixed concentration and the outlet of the sedimentation tank. The 
removal between inlet values and outlet of sedimentation tank may be obtained but it 
makes no sense since the amount of nitrite and nitrate in the inlet are independent of the 
system and it is necessary that the nitrogen available will be converted into nitrate to 
evaluate the efficiency of the system. However, it is of vital importance to know the 
amount of nitrate that was introduced in the sedimentation tank and the amount of it that 
was eliminated by denitrification process, as well as to study the balance of nitrogen that 
was converted into nitrate and subsequently denitrified. 

Table 5. 20 and Table 5. 21 show the mass emission rate of nitrite and nitrate 
respectively. 

 
Table 5. 20 Average (± standard deviation, n=3) mass emission rate of nitrite in the different 
operation units and campaigns. 

Run Sample points 
0% (g/d) 100% (g/d) 200% (g/d) 300% (g/d) 

1 0.12 ± 0.12 0.14 ± 0.02 0.23 ± 0.05 0.10 ± 0.01 
1 mixed - 0.17 ± 0.02 0.29 ± 0.06 0.19 ± 0.02 

2 0.05 ± 0.03 2.34 ± 0.73 1.51 ± 0.25 1.00 ± 0.07 
3 0.34 ± 0.01 0.13 ± 0.02 0.13 ± 0.01 0.20 ± 0.04 
4 0.28 ± 0.00 0.17 ± 0.02 0.20 ± 0.05 0.25 ± 0.01 
5 0.17 ± 0.07 0.07 ± 0.01 0.10 ± 0.01 0.12 ± 0.02 

 
 

Table 5. 21Average (± standard deviation, n=3) mass emission rate of nitrate in the different 
operation units as well as the values that was recycled back to the sedimentation tank and the 
amount that was disposed to the environment. 

Run Sample points 
0% (g/d) 100% (g/d) 200% (g/d) 300% (g/d) 

1 0.86 ± 0.38 0.74 ± 0.08 0.91 ± 0.43 0.44 ± 0.15 
1 mixed - 11.56 ± 1.82 17.56 ± 0.41 35.42 ± 2.90 

2 < 0.05 0.60 ± 0.80 10.62 ± 1.43 34.18 ± 1.26 
3 15.66 ± 1.27 20.78 ± 1.92 22.72 ± 3.58 46.40 ± 5.08 
4 15.76 ± 1.82 22.42 ± 3.51 22.91 ± 2.88 42.04 ± 0.70 
5 18.04 ± 1.49 21.43 ± 3.78 25.12 ± 1.95 46.76 ± 3.50 

5 outlet 18.04 ± 1.49 10.61 ± 2.00 8.46 ± 1.47 11.78 ± 0.67 
5 recycled - 10.82 ± 1.77 16.66 ± 0.62 34.98 ± 2.99 

 
From the Tables is it possible to notice, once again, that the amount of these 

compounds in raw wastewater was rather low, and that the amount of nitrite was also low 
after the mixing with the recycled treated wastewater. ANOVA of mass emission rates 
show that the inlet values of nitrite are similar among the 0%, 100% and 300% runs (p > 
0.05 in the post hoc analysis) whereas the 200% run are significantly different (p < 0.04 in 
the post hoc analysis). From the mixed values the results are similar. On the other hand, the 
ANOVA of the inlet emission rate of nitrate shows that all the runs are similar (p =0.296). 
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Whereas, when the values are the mixed ones, all the runs are different each others (p < 
0.0005), and the post hoc analysis confirms that all the runs had a different mean. 

 

Figure 5. 18 Mass balance scheme to obtain the amount of nitrate 
removed. TKN removed : N1 = NK2 – NK1; Nitrite removed : N2 = 
NI1-NI2 + N1 = (NK1 – NK2) + (NI1 – NI2); Nitrate removed : R = 
NA1 – NA2 + N2 = (NK1 – NK2) + (NI1 – NI2) + (NA1 – NA2). 

 
From now on the term “net removal” will be used, and it corresponds to the 

subtraction between the inlet and outlet values of one element of the system. This 
specification is necessary because the real amount of elimination is not the same as the net 
removal. In the run without recycling the net removal in the sedimentation tank that was 
0.86 g/d. If one considers the total amount of nitrate removed in the sedimentation tank the 
removed volume was higher than the value showed as net removal. This can be explained 
by the amount of TKN and nitrite removed in the sedimentation tank that were 0.76 g/d 
and 0.07 g/d respectively. Therefore, it is necessary to add these values to the amount of 
nitrate in the inlet of the sedimentation tank and, consequently, the real amount of nitrate 
removed in the sedimentation tank was 1.69 g/d principally by denitrification. This process 
of mass balance can be well understood through the Figure 5. 18: 

 
In the 0% run, the net amount of nitrate in the first bed increased to 15.66 g/d. The 

amount of TKN removed was 14.8 g/d and the nitrite increased by 0.29 g/d. Therefore the 
amount of nitrate generated was higher than expected (1.15 g/d), so there was probably 
some contribution of bacteriological or plants death which could increase the amount of 
TKN and subsequently this decay material was nitrified. In P-filters unit and in the second 
bed the amount of nitrate increased whenever the amount of TKN was eliminated. 

 
In the 100% run the amount of both nitrite and nitrate in the inlet of the system were 

under 1g/d, but after mixing with the recycled treated wastewater increased up to 0.17 g/d 
and 11.56 g/d respectively. In the sedimentation tank nitrate reduction was 10.96 g/d due to 
denitrification, and in this case is not necessary consider any other factors because the 
amount of  both TKN and nitrite increased so is not possible to predict what happened. 
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In the first bed nitrate increased by 20.18 g/d in average whereas TKN was reduced 
by 21.88 g/d as well as nitrite 2.21 g/d, so the difference of 3.91 g/d could be due to 
assimilation (unlikely because of the seasonal conditions) or denitrification in the bed. 
Metcalf & Eddy (1995) affirm that to develop denitrification processes is not necessary 
that the whole system should be under anoxic conditions. Denitrification can take place in 
anoxic microzones within the beds, close to aerobic zones, although, as it has been 
explained thoroughly, the denitrification process is more efficient whenever anoxic 
conditions occur. Furthermore additionally to anoxic conditions, and in order to complete 
the denitrification process it is necessary a high relation carbon/nitrogen will be enough 
high. Hence, the possibility that inside the first bed the denitrification process could take 
place in certain zones. 

 
Through P-unit filters, the amount of nitrite and nitrate increased by 0.04 g/d and by 

1.64 g/d respectively whereas the amount of TKN was reduced by 0.12 g/d, so a possible 
contribution from biological matter in these units could have occurred. Finally, in the 
second bed nitrate was reduced by around 1g/d and nitrite by 0.1 g/d. 

 
In the campaign with 200% of recycling, nitrite and nitrate inlet values were less than 

1 g/d. After mixing, both increased until to 0.29 g/d and 17.56 g/d respectively. In the 
sedimentation tank the net removal of nitrate was 6.94 g/d but TKN was reduced by 5.97 
g/d and nitrite increased by 1.22 g/d. From these results the amount of nitrate removed has 
to be 11.69 g/d by denitrification and in to a lesser extent by assimilation. 

 
In the first bed, the amount of nitrate increased by 12.10 g/d, but on the other hand 

TKN was reduced by 18.37 g/d and nitrite by 1.38g/d. Therefore, the amount of nitrate that 
should be measured was around 19.75 g/d, so it implied that 7.65 g/d were denitrified in 
this bed as it occurred in 100% campaign. In P-filters unit the amount of nitrate increased 
whenever decreased the amount of TKN. In the second bed the amount of nitrate increased 
by 2.21 g/d, but nitrite and TKN only decreased by 0.1 g/d and 0.41 g/d respectively so 
bacteria and plant degradation should had taken place. 

 
In the last campaign, with 300% of recycling, inlet values of nitrite and nitrate were, 

as in the other runs, less than 1 g/d. After mixing, nitrate increased by 34.98 g/d and nitrite 
by 0.1 g/d. In the sedimentation tank the amount of nitrate decreased by 1.24 g/d, nitrite 
increased by 0.81 g/d and TKN decreased by 9.39 g/d. If the mass balance is made it is 
possible to see that 9.82 g/d of nitrogen was removed and converted into nitrogen gas by 
denitrification. Thus, even though the large amount of volume recycled and the oxygen 
available, it is possible to denitrify in the sedimentation tank. As it has been introduced 
before, this effect was probably possible due to the stratification in the sedimentation tank. 
In the upper part was introduced the recycled volume with a large amount of oxygen, but 
in the lower part anoxic conditions could develop and denitrify the oxidized compounds. It 
is also important to mention that in this case concentration of TKN in the outlet was 
abnormal because it was very elevated and it will affect the amount of nitrate in different 
sampling point. 

 
In the first bed the amount of nitrate increased by 12.22 g/d but if TKN decreased by 

24.16 g/d and 0.80 g/d of nitrite were removed, the total amount of nitrate eliminated was 
12.74 g/d. In the P-unit filters, TKN and nitrite kept the same values but nitrate decreased 
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by 2.36 g/d. Finally, in the second bed, TKN was reduced close to zero and nitrite to 0.12 
g/d whereas nitrate increased 4.72 g/d, by nitrification and degradation. 

 
In the Figure 5. 19 the real amounts of nitrite removed in the sedimentation tank and 

in the first bed are shown: 

Figure 5. 19 Average (± standard deviation, n=3) removal 
of nitrate mass emission rate (g/d) in the sedimentation 
tank and in the first bed in all the campaigns. 

 
These results show clearly that in the 200% and 300% campaigns a large amount of 

nitrate was removed in both sedimentation tank and first bed. This situation was 
unexpected since when the experiment started we had hypothesized that nitrification 
process only could occur in the beds, and exceptionally in the sedimentation tank when the 
amount of DO available would be enough, and that denitrification should only occur in the 
sedimentation tank, based on previous experiences in constructed wetlands. The results 
show that nitrification process always occurred in both beds but occurred in the 
sedimentation tank as well, due to high amount of oxygen introduced in some runs. On the 
other hand, denitrification had to be reduced proportionally to the recycled volume but this 
did not occur even though the high percentage of oxygen saturation inside the 
sedimentation tank and therefore denitrification took place. One possible explanation for 
denitrification inside the tank in these cases could be because recycled treated wastewater 
was introduced in the upper zone and probably in the low part of the tank, where sediments 
were stored, denitrification continued. Furthermore, as it has been commented before, the 
supply of the recycled water was by batches and therefore oxygen was introduced 
discontinuously. This situation permitted that the amount of oxygen was rapidly reduced 
due to the high concentration of COD, and then denitrification could develop. On the other 
hand we have to take into account that when the percentage recycled was higher the HRT 
of the sedimentation tank was reduced and as a result the disposal time for denitrification 
inside the tank was reduced too. 

 
In addition, denitrification in the first bed was unexpected. But according to the data 

gathered through the campaigns, denitrification was the responsible for the removal in this 
element. Furthermore, it is possible to think in removal by assimilation however, to remove 
by bacteriological assimilation nitrogen has to be in ammonia state and, as it was 
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documented, large amounts of ammonia was removed even in the first bed in runs with 
recycling. 

 
Furthermore, we can see that the amount of nitrate removed in the sedimentation 

tank increased whenever increased the percentage recycled. This can be explained by the 
fact that in the 200% and 300% run the amount of COD introduced (228.6 g/d and 270.6 
g/d, respectively) was high enough to permit developing the denitrification, whereas in the 
100% run the amount of COD was 120.9 g/d. 

 
On the other hand, kinetics inside sedimentation tank were calculated. Table 5. 22 

and  
Figure 5. 20 show the results. Both campaigns without and 100% recycling have high 

values of kinetic constant. That is justified by the fact that there was no nitrification, 
because of low amount of oxygen available, therefore, the amount that was removed was 
entirely due to denitrification. The 200% run had in the sampling point 2 a concentration 
higher than the previous runs and, as a consequence, the kinetic constant was lower. In this 
run denitrification was more important than nitrification and consequently there were 
nitrate removal. In the last campaign, 300% of recycling, due to the high amount of oxygen 
nitrification was as important as denitrification so the concentration of nitrate did not 
decrease substantially and the kinetic constant was close to zero. 

 
Table 5. 22 Average (±standard deviation, n=3) kinetics of ammonia in both beds in the 
different campaigns. 

Run Operation unit 
0% 100% 200% 300% 

Sedimentation tank (d-1) 1.55 ± 0.56 2.96 ± 2.51 0.48 ± 0.09 0.04 ± 0.06 
 

Figure 5. 20 Kinetics constant concerning ammonia removal 
in the sedimentation tank. 

 
If data corresponds to last day of 100% run is not considered it seems that kinetics 

increases whichever higher was concentration in the outlet. 
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5.1.11  Total Nitrogen 
 

Total nitrogen (TN) concentration is obtained from the sum of nitrogen Kjeldahl, 
nitrite and nitrate in each sampling point. From the data, it is possible to notice that the 
majority of nitrogen that was introduced in the system was from Kjeldahl nitrogen while 
after the wastewater was treated and disposed to the environment the nitrogen predominant 
form was as a nitrate. 

 
The ANOVA of inlet concentrations shows that all the runs had similar values (p = 

0.068) as well as the ANOVA of the mixed concentrations values in the sedimentation tank 
(p = 0.199). When the ANOVA is calculated from the inlet mass emission rate values, the 
campaigns seems to be similar (p = 0.067) but, when the values treated are the mass 
emission rate in the 1 mixed point differences among runs appeared (p < 0.0005). In this 
last analysis, post hoc analysis shows that the 300% was different to the rest of campaign 
(p < 0.014), and the 200% and 100% runs were also significantly different (p = 0.034). The 
other combinations of runs had a level of significance over 0.05. 

 
Table 5. 23 Average (± standard deviation, n=3) concentration of total nitrogen in the 
different sampling points and campaigns. 

Run Sample points 
0% (mg/l) 100% (mg/l) 200% (mg/l) 300% (mg/l) 

1 36.47 ± 13.51 38.80 ± 2.19 39.19 ± 9.36 57.81 ± 7.60 
1 mixed - 28.62 ± 2.15 22.22 ± 4.46 28.34 ± 1.37 

2 33.26 ± 3.86 21.79 ± 2.71 16.11 ± 1.77 24.42 ± 0.42 
3 35.63 ± 2.51 18.38 ± 0.41 12.09 ± 1.36 19.26 ± 1.04 
4 34.95 ± 5.14 19.68 ± 1.50 12.45 ± 0.78 17.61 ± 1.38 
5 36.22 ± 1.90 18.68 ± 2.29 13.37 ± 0.49 18.47 ± 0.88 

 
Table 5. 24 Average (± standard deviation, n=3) mass emission rate of total nitrogen in the 
different operation units as well as the values that was recycled back to the sedimentation 
tank and the amount that was disposed to the environment in each campaigns. 

Run Sample points 
0% (g/d) 100% (g/d) 200% (g/d) 300% (g/d) 

1 18.45 ± 7.32 22.76 ± 2.94 25.53 ± 10.08 36.14 ± 5.21 
1 mixed - 33.96 ± 4.49 42.33 ± 10.67 70.38 ± 7.52 

2 16.73 ± 2.23 25.66 ± 1.78 30.63 ± 5.10 60.56 ± 4.09 
3 17.93 ± 1.75 21.75 ± 1.50 22.98 ± 3.70 47.82 ± 5.17 
4 17.65 ± 3.35 23.35 ± 3.19 23.63 ± 2.83 43.52 ± 1.39 
5 18.24 ± 1.76 22.17 ± 3.68 25.34 ± 2.32 45.77 ± 3.46 

5 recycled - 11.20 ± 1.71 16.80 ± 0.92 34.24 ± 2.95 
5 outlet 18.24 ± 1.76 10.97 ± 1.96 8.54 ± 1.58 11.53 ± 0.67 

 
In the run without recycling the amount of nitrogen removed was insignificant 

because both removals, as concentration or as mass, were around 1% at the end of the 
system. The greatest elimination sink within the system was in the sedimentation tank, a 
decrease by 1.72 g/d took place. Different processes were responsible for it: first, oxidised 
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compounds were converted into nitrogen gas because of denitrification process (0.9 g/d) 
and, secondly, the small amount of oxygen available in the sedimentation tank could 
transform ammonia into nitrate (TKN reduction of 0.76 g/d) and subsequently this was 
denitrified. In the first bed, there was only nitrogen contribution from the environment, 
probably because plant decaying and no harvesting took place. In the second bed, the 
amount of nitrogen increased in the treated wastewater and therefore the outlet total 
nitrogen reduction was of low efficiency. 

 
In the 100% run, once wastewater mixed with the recycled treated wastewater TN 

concentration diminished by 26.2% due to the dilution effect whereas the amount of 
nitrogen increased by 49.2%. In the sedimentation tank the amount of nitrogen decreased 
by 8.3 g/d (25% removed). This reduction was as a consequence of 10.96 g/d denitrified 
(nitrate removal), the increase of nitrite by 2.17 g/d and, in average, the amount of TKN 
also increased by 0.49 g/d. It is important to emphasise that in this run removal percentages 
of nitrate in the sedimentation tank was over 94.7% (as concentration and as mass loading), 
and that had to be as a consequence of denitrification. Once wastewater was conducted to 
the first bed concentration decreased by 3.41 mg/l (or by 3.91 g/d of mass). The most 
probable mechanism responsible of this removal was denitrification, as it has been 
explained in the previous analysis about nitrite and nitrate. After P-filter units the amount 
of nitrogen increased probably due to the biofilter generated inside and attached to the 
gravel media. Finally, after the second bed the amount of nitrogen decreased slightly, 
probably due to denitrification as well because the amount of nitrite decreased 
approximately the same value, around 1mg/l. 

 
In the 200% run, after mixing raw wastewater and recycled treated wastewater, 

concentration of TN decreased from 39.19 mg/l to 22.22 mg/l (43.30% of removal). The 
amount of mass augmented from 25.53 g/d to 42.33 due to the recycling effect. In the 
sedimentation tank, both removal percentages, as concentration and as mass, were 27.5%. 
The amount of nitrogen that was eliminated was 11.7 g/d, the same amount of the actual 
nitrate removal. In the first bed the elimination was 7.65 g/d, the amount of nitrate that it is 
supposed that was denitrified. Partial elimination percentages in the sedimentation tank and 
in the first bed were 27.64% and 24.97% respectively, so this one means that the 
conditions in both elements were quite similar. The amount of COD in the first bed was 
228.6 g/d (121.5 mg/l) in the inlet and 93.4 g/d (50.0 mg/l) in the outlet and, as a result, 
denitrification process could develop even though the oxygen saturation were 31% and 
91% respectively. In the following sampling points the amount of nitrogen increased up to 
23.63 g/d (12.07mg/l) after the sampling point 4 and to 25.34 g/d (13.26mg/l) after the 
sampling point 5. The explanation could be the nitrogen contribution from bacteria and 
plant decaying. The amount of nitrogen that was released to the environment was 8.54 g/d 
(13.37 mg/l) and that represented a total elimination of 66.55% in mass and 65.88% in 
concentration. 

 
Finally, the inlet value of the 300% of volume recycling was 36.14 g/d (57.81 mg/l). 

It is important to point out that these values, in relation to the previous runs, were much 
greater that the habitual concentration, and were related with high concentration of COD 
and TSS. After mixing, the amount of nitrogen increased up to 70.38 g/d that represented a 
concentration of 28.34 mg/l. In the sedimentation tank a removal of 9.82 g/d as a mass and 
3.92 mg/l as a concentration took place representing an elimination percentage of 13.95% 
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in both cases. In the first bed, 12.74 g/d were removed (21.0%), this corresponds to the real 
amount of nitrate denitrified. Between point 3 and 4, the amount of nitrite decreased 
similarly to total nitrogen which means that denitrifying process occurred. In the last bed, 
some nitrogen was introduced to the system probably due to degradation of organic matter. 

 
In the following Figure it is possible to see the mass emission rate in each element of 

the system, and how the amount of nitrogen in the sedimentation tank increased once the 
treated wastewater was introduced in it (sampling point 1 mixed). From this moment on, 
the amount of the nitrogen was removed though the system. 

 

Figure 5. 21 Average (± standard deviation, n=3) total 
nitrogen mass emission rates through the campaigns and in the 
different operation units. 

 
The amount of nitrogen removed in each operation unit is shown in the Figure 5. 22 

and the percentage removal of each element (between the inlet mass emission rate and the 
outlet of each one) are shown in the Table 5. 25. 

 

Figure 5. 22. Removal average (± standard deviation, n=3) of 
total nitrogen mass emission rate between S.P. 1 mixed and 2 
(sedimentation tank), 2 and 3 (first bed), 3 and 4 (P-filter units) 
and 4 and 5 (second bed). 
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Table 5. 25 Partial percentage removal of total nitrogen between two consecutive 
sampling points through all the campaigns in the sedimentation tank, the first bed, 
the P-filter unis and the second bed based on mass emission rates. 

Run Operation units 
0% 100% 200% 300% 

Sedimentation tank 9.3% 24.4% 27.6% 13.9% 
First bed 0% 15.2% 25.0% 21.0% 
P-filter units 1.6% 0% 0% 9.0% 
Second bed 0% 5.1% 0% 0% 

 
Once again, the previous information shows that nitrogen removal occurred in both 

the sedimentation tank and the first bed. In the sedimentation tank, the maximum amount 
removed seems to be between the 100% and 200% campaigns. The low concentration of 
oxygen, the intermittent supply, the hydraulic retention time and the probable stratification 
inside the tank can be the reasons. In the first bed, the amount of nitrogen removed 
increased whenever the amount of wastewater recycled increased. When the amount of 
water recycled increased the HRT inside the tank decreased and as a result the amount of 
COD that passed to the first bed was higher and denitrification could develop better. 
Furthermore, it is necessary to take into account that the 300% run was the one with the 
highest concentration of both TSS and COD in the inlet and, as a consequence, of total 
nitrogen.  

 
In the P-filter units and in the second bed the amount of nitrogen removed was no 

significant and the reason could be the absence of COD to denitrify. Thus, one important 
conclusion can be that the P-filter unit and the second bed were no necessaries to the 
nitrogen removal process, because the performances did not vary significantly. 

 
However, the main question to solve is: which is the best recycling volume in order 

to eliminate nitrogen? The answer lies in the Figure 5. 21. As it is possible to see in this 
one, the amount that is disposed to the environment is similar in all the cases with 
recycling (p = 0.106). Hence, the best one is the one that uses the lowest amount of energy, 
that is, the 100% run. 

 
On the other hand, the major removal of nitrogen was in the 300% campaign. This 

run was able to remove 24.6 g/d of nitrogen, a percentage removal from the 1 mixed to the 
5 sampling points of 35.0%. The following run in removal capacity of nitrogen was the 
200% run. This one removed 17.0 g/d with a performance of the system of 40.1%. And 
finally, the 100% run removed 11.8 g/d with a performance of the system of 34.7%. These 
performances could seem low but it is necessary to take into account that the experimental 
plant was located in a cold region and therefore the microbial activity was reduced. 

 
The total performances of the system, between the inlet raw wastewater and the 5 

outlet sampling point (see Table 5. 24), shows that the best campaign corresponds to the 
300% run with a 69.0% whereas the 100% and 200% runs had a performance of 51.8% and 
66.6% respectively. These percentages are not significant because the inlet values are not 
homogeneous and the outlet values depended on the recycled volume. 
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Other aspect that is worth to mention is the capacity of each run to remove the 
amount of nitrogen recycled. The 100% and 200% were able to remove the amount 
recycled, that is, the 100% could remove 11.8 g/d being the amount recycled 11,20 g/d and 
the 200 % run was able to remove 17.0 g/d and the recycled was 16.80 g/d. On the other 
hand, the 300% run was able to remove 24.6 g/d but the amount recyc led 34.2 g/d. It 
means that the 100% and 200% campaign were able to complete the nitrification-
denitrification process because the amount of nitrogen recycled (as nitrate) was removed 
through the system, whereas the 300% run was not able to denitrify the whole amount of 
nitrogen (as nitrate) recycled. 

 
Thus, we can conclude the following points as nitrogen removal concerns: 
 
• The highest amount of nitrogen removed succeeded in the 300% run. 
• The 100 % and the 200% were able to complete the nitrification-denitrification 

process because the amount of nitrogen recycled corresponds to the amount of it 
removed through the system. 

• The best performance inside the system succeeded in the 200% run, with a removal 
around 40%. 

• The optimum recycled percentage corresponds to the 100% run because the 
nitrogen disposed to the environment was the same in all the runs and the 100% run 
is the one that needed less energy. 

• The removal percentages of nitrogen reveals that the second bed is not necessary to 
the process. 

 
 

5.1.12  Orthophosphate 
 

Constructed wetlands are not the best system to remove phosphorus because it 
depends on the amount of calcium, iron, and other elements that permit to form an 
insoluble compound that later will be able to settle. Thus, the main problem is the 
depletion of these compounds in a short period of time, and to change them is not a 
solution. To solve this problem, as it has been explained in the previous chapters, three 
separated P-filter units were constructed. Results in previous studies showed that their 
period of life depends on the amount of phosphorus and the HRT. In the tests, 2.2 kg/m3  
were measured as a P-binding capacity before depletion.  

 
To continue the evaluation of these elements, samples were caught between the inlet 

and outlet of the P-filters system. Sampling collected and analysis were carried out at the 
same time that the campaigns did. The percentages of recycling did not affect the results in 
the P-filter units and it was not an effect to consider so the data from the first 100% run is 
included in the analysis. 

 
As it is possible to see in the Figure 5. 23, during the study the P-filter units depleted. 

This one occurred between the 24th of October and the 11th of November. In this period the 
experimental plant was working with an inlet flow of 500 l/d and 100% of recycling 
(between the first 100% run and the second one). After this moment, it is possible to see 
that the performance was reduced to zero and the P-filter unit lost completely its P-binding 
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capacity. Due to the rapid lost of P removal capacity the amount of total phosphorus was 
not measured. 

Figure 5. 23 Removal of orthophosphate in the P-filter unit 
throughout the study based on concetrations (mg/l). 

 
The effect of recycling, as it has been commented, did not have any influence in the 

orthophosphate removal. Only affected when the raw wastewater was mixed with the 
treated wastewater because inlet concentration suffered a dilution effect. 

 
Once wastewater was introduced in the sedimentation tank and after mixing with the 

recycled water the amount of orthophosphate decreased in the majority of campaigns. It is 
normal because the biological activity inside the tank was high owing to the large amount 
of COD that was being degraded. Therefore, microorganisms needed phosphorus to grow 
and the concentration of it decreased. On the other hand, the large amount of COD 
contained orthophosphate and it was also possible that the amount of phosphorus 
introduced was higher than the amount consumed by the microorganisms. 

 
Table 5. 26 Average (± standard deviation, n=3) concentrations of orthophosphate in 
the different sampling points and campaigns. 

Run 
Sample points 22nd to 24th 

of Oct. 
11st to 13th 

of Nov. 
4th to 6th  
of Dec. 

16th to 18th 
of Dec. 

21st to 23th 
of Jan. 

1 5.93 ± 2.61 7.94 ± 3.61 13.2 ± 5.81 6.37 ± 4.57 15.6 ± 9.75 
1 mixed - 5.17 ± 2.49 8.83 ± 2.88 5.72 ± 1.63 8.31 ± 2.46 

2 7.78 ± 1.19 5.55 ± 0.55 5.16 ± 0.52 5.14 ± 0.20 6.67 ± 0.85 
3 6.12 ± 0.08 5.56 ± 0.30 5.30 ± 0.21 5.18 ± 0.03 5.99 ± 0.16 
4 6.19 ± 0.12 0.19 ± 0.36 5.12 ± 0.36 5.28 ± 0.07 6.02 ± 0.07 
5 5.87 ± 0.09 1.72 ± 0.09 4.58 ± 0.09 5.25 ± 0.13 5.93 ± 0.11 

 
In the first 100% campaign (between the 22nd and the 24th of October), the removal 

of orthophosphate, as a consequence of dilution, reached up to 35% after mixing. In this 
case, the amount of orthophosphate increased slightly in the sedimentation tank, probably 
due to organic matter degradation. This concentration rema ined until wastewater was 
conducted to the P-filter units, in which a removal of 97.6% was achieved. In the second 

Orthophosphate removal in the P-filter units
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bed wastewater concentration increased to 1.72 mg/l due to plant decay and the efficiency 
decreased to 78.3%. 

 
In the last day of this run, 24th of October, samples between each P-unit were 

evaluated. Before the first P-filter unit a removal of 17% was achieved thanks to dilution in 
the sedimentation tank, but after this P-filter removal increased up to 60.0%, after the 
second up to 92.7% and after the last one to 97.3%. The efficiency in the sedimentation 
tank was quite low because the percentage recycled was only 48%, because we should 
remember that the pump did not work correctly. 

 
In the other runs with recycling, removal effect in the system was only due to mixing 

raw wastewater with the recycled treated wastewater. The efficiency in this point ranged 
from 46.7% to 10.2 %. At the end of the system removal was around 60% in the 100% and 
200% run whereas in the 300% run only reaches around 18%. The reason was the high 
values compared to the others. 

 
In the run without recycling there was no removal because there was no dilution 

effect. Wastewater caught some phosphorus during the treating process principally in the 
sedimentation tank probably for accumulation in this element. 

 
Removal by biological mechanisms seems to be quite low, therefore the unique 

element that permitted removal efficiencies was the P-filters units. 
 
 

5.2  Mosehuset data analysis. 
 

Based on the initial experiences from the Trige experimental system, the Plant 
Ecology Department of Aarhus University built a full-scale system for a single house 
inhabited by four people and located at Mørke (Denmark), as explained in the Chapter IV. 

 
The inclusion of this system and its results in this paper serves to compare the results 

obtained at the Trige experimental plant with the data of a system operating under real 
conditions and affected by all the factors attached to it. In this case, all the parameters will 
be commented superficially however, the main parameters that characterise wastewater are 
included in the Annex I. 

 
This system was monitored from the 10th of July and until the 20th of November of 

2002, and nowadays is still working and is being periodically monitored. The system has 
confirmed its efficiency in removal parameter and meets Danish EPA law. In this period, 
14 grab samples were taken. During the first 10 ones, the system worked without recycling 
and for the following 4 grab samples with recycling between 100% and 200%. The spilt 
well placed at the end of the system separated the recycled volume while the rest was 
evacuated from the system. 

 
Samples were taken at the following points of the system: (1) outlet from the 

sedimentation tank, (2) outlet from the constructed wetland or inlet to the P-filter unit, (3) 
outlet from the P-unit filters or outlet of the system and (4) water in the lake. A scheme of 
the plant is shown in the Figure 4.7. Inlet values of the sedimentation tank were not 
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measured however, we can hypothesise about them from the expected loadings according 
to Danish EPA (Vejledning fra Miljøstyrelsen, 1999). 

 
It is very important to take into account that this system was not affected by the rain 

contribution because only treated the wastewater originated from the house, so dilution 
effect by rain it has not to be considered. The average inlet flow during the study period 
was 415 litres/day (ranging from 210 l/d to 600 l/d). 
 
 

5.2.1  Temperature  
 

Temperature measured in the outlet of the sedimentation tank had an average value 
of 16.1 ± 3.1°C, ranging from 19.5°C the 17th of July to 10°C the 15th of November. The 
effect of recycling in the temperature it is not evident since there are no significant 
temperature losses. This lead us to conclude that the wood chip cover over the bed 
prevented temperature losses inside the bed. Temperature only decreased in the lake, 
obviously, due to external conditions (lowest temperatures reached during the sampling 
period –12ºC). 

 

Figure 5. 24 Temperature of the wastewater in the different 
operation units throughout the study. 

 
 

5.2.2  pH value  
 

In the sedimentation tank, pH value was in almost all the samples higher than 8, 
ranging from 7.81 to 8.40. These values decreased in most of the cases in the bed, where 
pH ranged from 7.43 to 8.60, the lowest values corresponding to the cases with recycling. 
This situation was quite strange because it was expected that pH increased in the bed 
because aerobic conditions predominated. Only in three cases pH was above 8.0 and 
consequently nitrification could develop in the greater part of the cases under optimal 
conditions. Once wastewater was conducted to the P-unit filters pH increased ranging from 
7.92 to 8.27, the highest values corresponding to the samples without recycling. In the lake 
these values maintained around 8. 
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Figure 5. 25 pH of the wastewater in the different operation 
units throughout the study. 

 
 
5.2.3  Dissolved oxygen 

 
Concentration of DO in the sedimentation tank was zero in all the cases without 

recycling and between 0.1 mg/l and 2.0 mg/l with recycling due to the amount of oxygen 
introduced from the spilt well. Hence, it is expected that denitrification conditions can 
develop in the sedimentation tank without problems. In addition, we should take into 
account that the supply of wastewater was intermittent, because it came from the house 
and/or from recycling, and the amount of oxygen was consumed rapidly once it was 
introduced in the sedimentation tank due to the high amount of BOD. Thus, once the 
oxygen was consumed, the tank would be in anoxic conditions and denitrification can 
better achieved. In the reed bed, concentrations ranged from 1.86 mg/l to 5.62 mg/l, being 
in average higher in the cases with recycling than in the cases without it. For most of the 
cases, these values were quite low compared with the ones obtained at the Trige 
experimental plant, because in the first bed outlet oxygen concentrations in all the runs 
were higher than 10 mg/l. These low concentrations in Mosehuset could promote 
successful denitrification inside the bed. Once wastewater was conducted to the P-unit 
filter concentration in the cases without recycling decreased to zero whereas in the cases 
with recirculation increased to values comprised between 2.21 mg/l and 3.07 mg/l. Low 
HRT and the BOD available could promote denitrification nevertheless, concentrations of 
BOD was not too high (15 mg/l) so it will be necessary to analyse from the nitrate data. In 
the lake, concentration increased largely being the minimum concentration 7.36 mg/l and 
the maximum 13.97 mg/l (with lower temperatures). From this data it will be necessary to 
analyse carefully nitrification process in the bed as well as denitrification in both the 
sedimentation tank and the bed. 
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Figure 5. 26 Concentration of dissolved oxygen in the 
different operation units throughout the study. 

 
 
 

5.2.4  Total Suspended Solids  
 

Concentrations of total suspended solids varied from 45.0 mg/l to 120.8 mg/l in the 
measuring period after the sedimentation tank. During the recycling period concentrations 
seem to be lower than during the previous ones, probably due to dilution, even though did 
not vary excessively. After the bed, mean concentration was 13.2 ± 5.4 mg/l in the cases 
without recycling whereas in the cases with recycling this one was reduced to 6.5 ± 2.2 
mg/l. The mean removal percentage in the bed was 84.5% without recycling and 89.0% 
with recycling. After the P-unit filter concentration in both cases decreased slightly. In the 
lake dilution effect and settling reduced the concentrations to values close to zero, being 
the removal effect close to 100%.  
 

Figure 5. 27 Concentration of total suspended solids in the 
different operation units throughout the study. 
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5.2.5  Biochemical Oxygen Demand 
 

According to the Danish EPA, the mass emission rate from a house with four people 
is 300g/d. Taking into account that the mean flow from the house was 415 l/d, the inlet 
concentration to the sedimentation tank should be 722.9 mg/l. On the other hand, mean 
concentration at the outlet of the tank in the cases without recycling was 254.3 mg/l, with a 
removal performance around 65%. However, we should consider that the performances in 
the tank were being reduced during the operation time because BOD concentration at the 
outlet of the tank increased from the first day, 98 mg/l, to 425 mg/l the last one, during the 
period without recycling. In the cases with recycling the mean outlet concentration of the 
sedimentation tank was 99.9 mg/l, with a removal performance around 86%. This high 
performance is basically consequence of the dilution but it is possible that the amount of 
oxygen introduced from the recycled water permitted to degrade a higher amount of BOD 
than in the cases without recycling in which the amount of oxygen was close to zero. In the 
bed, concentrations decreased to values below 15 mg/l in average in both cases with and 
without recycling and the accumulative performances were over 95%. In the cases without 
recycling the low amount of oxygen and the amount of BOD available could promote that 
denitrification succeeded. In the cases with recycling, something similar could happen 
because the amount of oxygen was not excessively high in average (3.4 mg/l), considering 
the previous experience in the Trige experimental plant. After the P-filter unit 
concentration of BOD maintained at the same level. In the lake BOD concentration was 
almost zero in all the cases due to dilution. 

Figure 5. 28 Concentration biochemical oxygen demand in 
the different operation units throughout the study. 
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were similar but concentrations in the sedimentation tank were lower in the cases with 
recycling, due to dilution. 
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5.2.6  Kjeldahl Nitrogen 
 

It should be remembered that TKN is the total nitrogen except for the oxidised 
compounds and therefore, it is composed by the ammonia and the organic nitrogen. In the 
cases when the system operated without recycling, the TKN concentration in the 
sedimentation tank was high compared with the data at Trige, where the mean values were 
around 30 mg/l. The effect of dilution by rain and the higher amount of oxygen could be 
the responsible of those concentrations. In the case of Mosehuset, the amount of oxygen 
available in the tank was zero and consequently it was no possible to convert TKN into 
nitrite and nitrate. In contrast, in the cases with recycling, the amount of TKN in the 
sedimentation tank decreased considerably because of the dilution and the amount of 
oxygen available. This situation is quite important, and since the amount of BOD available 
in the sedimentation tank is considered and concentrations of oxygen was not higher if 
compared to the data at Trige, denitrification could successfully happen since the nitrogen 
recycled was in the form of nitrite and nitrate. 

 
For the cases without recycling, TKN was reduced largely by nitrification in the bed 

and maintained these performances in the P-filter unit. Once the wastewater was disposed 
in the lake concentrations decreased around zero. Through the system, TKN was not 
reduced completely because of the anaerobic conditions in both the sedimentation tank and 
the P-filter unit. Furthermore, in the bed, and even though the amount of oxygen available, 
the low HRT and the large amount of BOD that was being decomposed did not permit the 
reduction of TKN and it remained as ammonia, as it will be commented in the ammonia 
analysis. 

 

Figure 5. 29 Concentration of total Kjeldahl nitrogen in the 
different operation units throughout the study. 

 
In the cases with recycling, once wastewater was conducted to the bed, TKN was 

reduced to values below 7 mg/l. These concentrations maintained in the P-filter unit and 
decreased to almost zero in the lake. 
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5.2.7  Ammonia 
 

As it was explained in the previous analyses of Trige, the amount of ammonia 
removed was related to the amount of nitrogen Kjeldahl removed, because the nitrogen 
fraction that was converted into oxidised compounds. Therefore, the analysis is almost 
parallel, as it is possible to see the comparison in Figure 5. 29 and Figure 5. 30 

 
As it is possible to see in the Figure 5. 30, ammonia concentration in the 

sedimentation tank increased from the first operation day to the last one without recycling. 
This phenomenon can be because the system needed a certain period of time to become 
stable. In this operation unit, during the cases without recycling, the amount of ammonia 
was quite high and it decreased once it was conducted to the first bed with oxygen 
available. It is interesting to point out that even though the amount of oxygen available 
inside the bed, ammonia was not removed completely due to the low HRT values. It is 
logic to think that the amount of TKN that was not removed was in ammonia form because 
concentrations in both cases were similar and the BOD was removed (organic nitrogen). In 
the P-filter unit it was no possible to convert ammonia into oxidised compounds because 
there was no oxygen available. In the lake concentration decreased to almost zero. 

 
In the cases with recycling the amount of ammonia in the sedimentation tank was 

lower than in the previous cases due to the amount of oxygen available and the dilution 
effect. In the first bed nitrification reduced the amount of ammonia to values below 6 mg/l. 
In the P-filter unit these concentrations maintained and, finally, in the lake, concentrations 
were almost zero. 

 

Figure 5. 30 Concentration of ammonia in the different 
operation units throughout the study. 
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5.2.8  Nitrate 
 

The first aspect to poiny out is the concentrations after the sedimentation tank. In all 
the cases was zero, so it means that the whole amount of nitrogen as nitrate that went into 
the tank was removed, that is, was denitrified. Anoxic conditions in the cases without 
recycling and low concentration of oxygen in the others promoted this situation. In this 
way, the sedimentation tank efficiency was around 100%. 
  

Once wastewater was conducted to the bed, concentration of nitrate increased 
subtantially, with a maximum value around 63 mg/l when the system was working without 
recycling. In the cases with recycling, the tendency shows a concentration reduction caused 
by dilution and by the major amount of nitrate removed previously. 
 

In the P-filter unit the amount of nitrate was reduced to zero in the cases without 
recycling because it is worth to remember that existed anoxic conditions (O2 concentration 
was zero). Thus, in this operation unit denitrification was succesful even though it was not 
its surpouse. In the cases with recycling the amount of nitrate was reduced but no so long 
because concentration of oxygen was around 2.7 mg/l. Finally, in the lake concentration 
decreased to zero due to dilution effect. 

 

Figure 5. 31 Concentration of nitrate the different operation 
units throughout the study. 
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Considering that the inlet flow was 415 l/d, the mean inlet concentration obtained is 156.6 
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recycling decreased from the first day to the last one because concentration was increasing 
inside the tank (with a concentration of 103.3 mg/l the last day) due to the maturing 
process. Continuing in the cases without recycling and once wastewater was conducted to 
the bed, concentration was reduced due to denitrification and in a lesser extent due to plant 
uptake and biological assimilation with an accumulate removal percentage of 54.2%. In the 
P-filter unit, total nitrogen also decreased because anoxic conditions promoted 
denitrification with an accumulative performance of 76.7%. Finally, concentration in the 
lake decreased to almost zero due to the high volume of water that diluted it. 

 
In the cases with recycling, concentration after the sedimentation tank was reduced 

significantly. It was caused by the dilution effect and by the high performance to denitrify 
the whole amount of nitrate introduced by recycling, as shows the Figure 5. 31. In the bed 
and in the P-filter unit removal was also successful due to denitrification with 
accumulative removal percentages of 72.0% and 82.3 % respectively. Finally, 
concentration in the lake was reduced to zero owing to dilution. 

 

Figure 5. 32 Concentration of total nitrogen in the different 
operation units throughout the study. 

 
We can conclude that this system operated by a recycled percentage between 100% 

and 200% developed the nitrification-denitrification satisfactorily. However, the 
nitrification process could be improved because in the bed not the entire amount of 
ammonia was removed completely. A diminishment of the HRT could be a solution. We 
should remember that the supply to the bed was intermittent and its surface was oversized, 
so the flow did not affect the efficiency of the bed because the time between fed was large 
enough. The problem was the time that the water stayed inside the bed, and it could be 
solved using some material that retain the wastewater more time in the bed, with a major 
portion of clays (a permeability reduction). 

 
Furthermore, it is also necessary to remember that the volume recycled flowed by 

gravity. Therefore, it does not matter to use a 200% recycling percentage if it would be 
necessary because it did not imply an additional cost in the operation. 
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5.2.10  Orthophosphate. 

 
The most important aspect that is necessary to take into account in the phophorus 

cycle is the effect of the P-filter unit. As in the Trige data analysis, recycling it does not 
have to be a factor to consider however, the following analysis will be done taking into 
account this aspect. 

 
Concentration in the sedimentation tank during the cases without recycling increased 

due to the maturing process of this operation unit up to 24.1 mg/l. In the bed, plant uptake 
and biological assimilation reduced its concentration in these cases but the main reduction 
took place in the P-filter unit where concentration was reduced below 0.5 mg/l. In the lake, 
concentration was almost zero. 

 
 

Figure 5. 33 Concentration of orthophosphate in the different 
operation units throughout the study. 

 
In the cases with recycling, concentration in the sedimentation tank was significantly 

lower than in the previous cases due to dilution. In the first bed, saturation of 
orthophosphate and pH could have been the cause by the concentration increase. In the P-
filter unit orthophosphate did not decrease as in the previous cases. Two factors can 
explain this situation: the first one, and the most obvious, is the loss of the P-binding 
capacity of the calcite; and the second one, the reduction of the HRT. This last justification 
was exposed by Arias et al. (2003) and explains that if the phosphorus is in contact with 
the calcite during an enough period of time the performance of the material could be 
improved. That is, if the P-binding capacity starts to become low, we could increase the 
HRT and promote that the reaction time increases and augmented the P-binding capacity. 

 
Finally, when wastewater was disposed to the lake orthophosphate concentration 

decreased to zero. 
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