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Abstract: This paper reports the results of two sewage treatment tests in a community of
15,000 inhabitants. The sewage treatment plant is subject to strong fluctuations in load
(BOD5, COD, TKN), and in particular in the BOD5/TKN ratio. These fluctuations adversely
affect the biological denitrification, as demonstrated by many pilot and real-scale plants.
The plants we tested were subjected to two treatment types: anoxic-aerobic and simultaneous
denitrification. Both processes are designed for complete mixing conditions in the reactors
in order to level the fluctuations in the load and thus improve the denitrification efficiency.
The results prove that an average denitrification efficiency of up to 80% can be achieved
with the sludge loading close to 0.1 kg BOD5 (d∙kgMLVSS)−1. The effect of the sludge
loading and dissolved oxygen on the denitrification efficiency is highlighted.
Keywords: denitrification; dissolved oxygen; load fluctuation; pilot plant

1. Introduction
The strong diurnal fluctuation in BOD5 and TKN loads, of small sewage communities is detrimental
to achieving a high denitrification performance.
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The influence of variations in sewage quality on the performance of biological processes has been
studied since the 1970s. Of particular interest are the experiences described by US-EPA, which shows
how to upgrade plants in order to achieve fluctuation control [1], and in which more cautious design
criteria are recommended for wastewater treatment plants (WWTPs) serving small communities [2].
With specific reference to the effects on biological denitrification, the scientific literature provides
abundant information on nitrogen removal [3–11], but rarely refers to small WWTPs. The effects of
raw sewage C/N ratio variations in small community WWTPs have been highlighted in the technical
literature [12–14], which also show the possible negative side effects of dissolved oxygen
accumulation in the denitrification stage. In addition, in 2006, in a Life project, the EU emphasized the
effects of sharp fluctuations in the quality of raw sewage on the efficiency of biological processes [15].
We have examined this kind of problem in several operating plants serving 5,000–20,000 inhabitants,
whose biological denitrification performance was well below expectations. We thus studied an
experimental plant with a capacity of about 15,000 inhabitants, located in northern Italy [16–18].
The aim was to assess the technical solutions capable of limiting the effects of the strong diurnal
fluctuation of BOD5 and TKN charges, thus improving the efficiency of the biological denitrification.
The strong diurnal fluctuations of loads in biological denitrification involve periods with very low
values of the BOD5/TKN and BOD5/NO3-N ratios which limit the efficiency of the process, particularly
in the evenings and at night. On the other hand, in the middle of the day such ratios were largely in excess
of the typical BOD5/NO3-N = 4 ratio required for the appropriate development of sewage denitrification.
Raboni et al. [19] highlighted this problem in a study of a pre-denitrification system served by
sewage from a community of 15,000 people, located in northern Italy in a densely urbanized area with
several environmental problems leading to significant social consequences [20]. Average denitrification
efficiencies of 60.2% were achieved, with isolated peaks of 75%. In addition to the strong variability
of loads, the considerable accumulation of oxygen in the denitrification was also highlighted. This occurred
mainly in the periods of lower BOD5 input, at the beginning of the day and at night (with peak values
of 1.2 mg·L−1) and inhibited the denitrification rate, which is significant at concentrations of 0.2 mg·L−1
or even lower [6,7].
Biological denitrification is normally achieved in a series of anoxic compartments with a power
input for mixing limited to 10–12 W·m−3, which is sufficient to maintain the mixed-liquor in suspension
and at the same time prevent the transfer of oxygen. From a hydrodynamic point of view these systems,
as well as other similar ones applied in most real scale plants, are very different from complete mixing
and thus the leveling effect of the fluctuations of load input on the reactor is somewhat limited.
The aim of our research was to test typologies of denitrification reactors with a very similar
hydrodynamic behavior to complete-mixing by examining the impact on performance. A modified
oxidation ditch reactor with rotating brushes was thus used.
2. Materials and Methods
2.1. Pilot Plant Description
The research was based on the use of the activated sludge plant in Figure 1, fed by pre-treated
sewage (screening and aerated grit chamber).

Sustainability 2014, 6

114
Figure 1. Modified base plant used for the tests.

This base plant was modified in order to obtain the two alternative processes shown in Figure 2:
Figure 2. Alternative processes after the modifications of the base plant.

Scheme A: anoxic-aerobic process for pre-denitrification followed by separate oxidation-nitrification.
One of the two units was thus converted to the anoxic phase for the biological denitrification.
The brush aerator was modified and almost entirely submerged in order to improve the thrust of the
mixed-liquor, thus preventing significant oxygenation effects. No change was made to the second
unit for oxidation-nitrification. For the two units, the power input was 23 W·m−3 (anoxic) and
30 W·m−3 (oxidation-nitrification).
Scheme B: simultaneous denitrification in both units operating in parallel. By adjusting the level of
submergence of the brush-rotors and with just a few changes to the brushes, alternating anoxic and
aerobic zones were created where oxidation-nitrification and denitrification can be achieved,
respectively. Various tests were performed since at different submergence levels of the rotors there are
different extensions of the anoxic and aerobic zones, which are also variable over time. Consequently,
the dissolved oxygen was mapped in several points of the basin in order to identify the optimal
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solution. With this process, the entire biological reactor (complete with the alternating phases of
oxidation-nitrification and denitrification) acts as a complete fully mixing system leading to an even
more pronounced leveling effect of the load peaks. For the two units, the power input was 25 W·m−3.
Before starting the main experiment, the retention time distribution of the units equipped with
denitrification was verified, through the step dosing of lithium chloride solutions (5 mg·L−1 of Li+),
and measuring the trend over time of the concentration of lithium in the output. The flow rate was
200 m3·h−1 with a corresponding mean retention time Tr = 6.25 h. The results in Figure 3 show
an excellent overlap between the experimental curves and the theoretical curve representing the
ideal complete mixing. This would seem to demonstrate that complete mixing is achieved in the
mixed-liquor inside the reactors.
Figure 3. Retention time distribution curves of the tested units, compared with the
theoretical complete-mixing curve (step dosing of 5 mg·L−1 of Li+ as a tracer).

2.2. Pilot Plant Operating Conditions and Testing Methods
The pilot plant ran for a continuous period of six months, in which the two experimental processes
were tested consecutively.
In both cases the operational efficiency of the process was evaluated in terms of BOD5, COD, TN,
TKN, NO3-N, NH4-N, as a function of the sludge loading relative to the total volume (DEN +
OX-NIT). The sewage flow rate was made to vary from a minimum of 160 m3·h−1 up to a maximum of
400 m3·h−1. The flow rate was gradually increased by 20 m3·h−1 steps, each 15 days, independently
from the wastewater quality. The concentration of mixed-liquor was maintained at 2.5 kgVSS·m−3.
The VSS/SS ratio was found in the range 0.62–0.64 throughout the experiment period.
The sludge recycle flow rate was maintained at Qs = 250 m3·h−1. The ratio of mixed-liquor recycle
was maintained at QML/Q = 4.
In order to assess the effects of the daytime sewage quality variations on the denitrification efficiency,
two main types of sampling were performed:
 Automatic daily average samplings of the raw wastewater and the treated effluent;
 Manual instantaneous samplings (at 8 AM, 12 AM and 4 PM respectively) at the sewage input.
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The following measurements were also made:
 pH of raw sewage (fixed probe with automatic calibration, accuracy ±0.01 pH, ±1.8 °F/±1 °C);
 Dissolved oxygen (DO) in various parts of the reactors denitrification and nitrification-oxidation
(fixed immersed electrochemical probes with resolution 0.01 mg L−1, automatic calibration and
temperature compensation);
 Temperature of the mixed-liquor in denitrification (fixed probe, accuracy < 0.08%, Pt100 class A).
During the experiment, the temperature of the mixed-liquor was measured in the range 15–16 °C.
Sampling and chemical analyses were carried out in compliance with the official Italian methods
issued by the IRSA-National Council of Research [21].
3. Results and Discussion
3.1. Sewage Quality
3.1.1. Average Daily Quality and Daytime Fluctuations in Sewage Quality
Table 1 lists the mean and standard deviations of the raw sewage main parameters (COD, BOD 5
and TN = TKN).
Table 1. COD, BOD5 and TN concentrations (means and standard deviations) of the raw sewage.
Parameter
−1

CODin (mg·L )
BOD5in (mg·L−1)
TNin = TKNin (mg·L−1)

Daily average (1)
248.0 (σ ± 59.3)
132.0 (σ ± 42.0)
28.2 (σ ± 5.7)

Time of sampling
Hour 8.00 (2)
Hour 12.00 (2)
85.9 (σ ± 18.8)
397.0 (σ ± 130.2)
37.8 (σ ± 12.5)
215.0 (σ ± 65.0)
19.20 (σ ± 3.8)
38.8 (σ ± 8.3)

Hour 16.00 (2)
320.0 (σ ± 82.6)
193.0 (σ ± 39.8)
26.7 (σ ± 5.0)

The results show a ―low strength‖ influent. The BOD5/TKN ratio of 4.68 is a little lower than the
value normally expected in Italian sewage [5]. The value can be explained by the presence of several
old houses with septic tanks that are still connected to the sewage system. The incidence of these units
on sewage quality may be more, or less, significant with respect to the type (septic tanks with one or
more chambers), size and maintenance criteria. When these septic tanks work normally, a BOD5 and
suspended solids reduction of about 10% and 40% is considered reasonable [22]. In contrast, the
reduction in TKN should, in practice, be considered as zero because the nitrogen subtracted from the
settled solids is then released as NH4+ by the sediment fermentation. The release takes place by
enzymatic hydrolysis, at a rate of 0.02–0.06 mgNH4-N·mg−1 COD [19]. In addition, the presence of
these septic tanks explains the very low mean value of the COD/BOD5 ratio (only 1.87).
Table 1 shows the large fluctuation, throughout the day, of the organic parameters (COD and
BOD5) in terms of the daily average values. COD and BOD5 peaks (occurring at 12.00 AM) were
68.2% and 62.8% greater than the daily average values, respectively. In contrast, minimum values
(occurring at 8.00 AM) in the COD and BOD5 were 65.3% and 71.3% less than the daily average
values, respectively. Such variations were much smaller for TN.
Figure 4 shows the trends of both the mean COD/TKN and BOD5/TKN ratios during the day.
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Figure 4. Trends of day-time mean COD/TKN and BOD5/TKN ratios in the raw sewage.

The lowest values occurred at 8.00 AM (4.47 and 1.96, respectively for COD/TKN and
BOD5/TKN), while more than fourfold higher values occurred at 12.00 AM (10.23; 5.54) and 4.00 PM
(11.88; 7.22).
3.2. Denitrification Efficiency
Figures 5 and 6 show the denitrification efficiency of the two processes, in function of the sludge
loading (or F:M,) Food to Microrganism ratio). The graphs also give the trends of the average
concentrations of dissolved oxygen in the denitrification compartments.
Figure 5. Efficiency of denitrification in the anoxic-aerobic process (Scheme A).
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Figure 6. Efficiency of denitrification in the simultaneous process (Scheme B).

Both curves show an increasing trend with the sludge loading and then decreases at the end with
values of F:M ratio greater than 0.11–0.14 kgBOD5 (d·kgMLVSS)−1. The growth phase can be related
to two factors:
 A greater specific denitrification rate at high values of F:M ratio, according to the known
semi-empirical equation [5–7]:
)=0.03 F/M + 0.26

(1)

 The lower content of DO in the denitrification reactor in relation to higher F:M ratios, reduces
the inhibition of the denitrification rate (higher effects at low F:M ratios). The inhibitory effects
of DO on the kinetics of the process were postulated in 1975 by USEPA in its first report on the
removal of nitrogen [3]. In subsequent reports [5,6] USEPA highlighted this effect by inserting
an inhibition factor K’0/(K’0 + DO) in the expression of the denitrification rate:
(2)
where:
rDEN

denitrification rate (NO3-N removal by dissimilation) [mg/(L·h)−1];

Y

etherotrophic bacteria synthesis yield (mgVSS/mg substrate consumed);

K

maximum specific rate of substrate utilization (h−1);

X

biomass concentration (mgMLVSS·L−1);

S

soluble degradable substrate concentration (mg·L−1);

Ks

substrate utilization half-velocity coefficient (mg·L−1);

NO3-N

nitrate concentration, as N (mg·L−1);

KN

nitrate half velocity coefficient (mg·L−1);

K’0

DO inhibition constant for nitrate reduction (mg·L−1);

DO

dissolved oxygen (mg·L−1);

η

fraction of etherotrophic bacteria that use nitrate in lieu of oxygen.

Thobanogolus et al. [7] extended this equation by considering complete denitrification in both
respects, dissimilation and assimilation (cell synthesis), as follows:
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(3)

with Kd is endogenous decay coefficient (h−1).
DO inhibition on denitrification has been shown at DO concentrations of 0.20 mg·L−1 by Dawson
and Murphy [23]. The DO inhibition constant K’0 is considered variable in a wide range depending
on the floc size and structure, in the range 0.02–0.2 mg·L−1 [24]. In any case, the mere presence of
0.2 mg·L−1 of DO can theoretically lower the denitrification rate up to 40% compared to the maximum
value in the absence of inhibition [7]. Other studies have highlighted the effect of inhibition [25–27].
In particular, Oh and Silverstein noted a significant effect of inhibition at a DO concentration of only
0.09 mg·L−1 with a corresponding 35% reduction in the denitrification rate [25].
The decrease phase is mainly due to the loss of nitrification efficiency, as shown in Figure 7 at a
higher sludge loading (lower sludge age).
The two curves in Figures 5 and 6 reveal a 70% average efficiency for the pre-denitrification and an
80% average efficiency for the simultaneous denitrification. The latter result is likely due to the greater
capacity of simultaneous denitrification reactors in leveling the peak load. For this same reason the
difference in efficiency is particularly high for a low F:M ratio, in fact with these values the effect of
equalization-homogenization is more pronounced. The efficiencies reported are much higher than those
achieved with the aforementioned pilot study on the same sewage (60.2% as average) [19] in which the
pre-denitrification consisted in four reactors in series with a specific input power of 11 W·m−3.
Once the maximum value is reached, the simultaneous denitrification curve has a more pronounced
decrease, likely determined by the lower nitrification efficiency (Figure 7) as a result of both the lower
content of dissolved oxygen in aerobic zones (values of 1.0–1.5 mg·L−1 detected at high F:M ratios)
and the combined presence of heterotrophic bacteria responsible for BOD removal, together with
nitrification bacteria.
Figure 7. Efficiency of BOD5 removal and of nitrification for the two processes studied.
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4. Conclusions
The study confirmed that sharp fluctuations in BOD5 and TKN loads (and in particular the
BOD5/TKN ratio fluctuation), typical of low capacity sewage treatment plants (small communities),
limit the achievement of high denitrification efficiencies. In periods of low loads such fluctuations also
cause dissolved oxygen to increase in the anoxic compartments leading to the inhibition of the
denitrification rate.
We examined two processes each potentially capable of limiting the effects of these fluctuations:
 An anoxic-aerobic process, creating conditions of complete mixing in the anoxic stage so that
some of the input load fluctuations can be absorbed;
 Simultaneous denitrification in which aerobic and anoxic zones are alternated in conditions of
complete mixing. In this case the entire volume of the reactor helps to absorb the fluctuation of
the input load.
The two processes were tested by feeding pre-treated sewage (screening and aerated grit chamber)
from a community of 15,000 people. In the two cases the denitrification efficiency curves were
reconstructed as a function of the sludge loading in relation to the whole biological reactor.
The simultaneous denitrification achieved the best performance with a peak value of 80% at a
sludge loading of 0.08 kgBOD5·(d·kgMLVSS)−1. By contrast the pre-denitrification reached
the maximum value of 70% efficiency at a sludge loading load of 0.10 kgBOD5·(d·kgMLVSS)−1.
In both cases, the choice of the correct sludge loading value was fundamental for the optimization of
the process.
These results are considerably better than those achieved in a previous pilot study that we had
carried out on the same sewage (60.2% average) in which the pre-denitrification consisted of four
reactors in series with a power input of 11 W·m−3.
Overall, these results are positive in terms of the advantages of using complete mixing systems to
improve the efficiency of denitrification in small sewage treatment plants subject to strong fluctuations
in quality.
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