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INTRODUCTION

Biological wastewater treatment systems are 
one of the most common wastewater treatment 
methods in the world [Andreottola et al. 2009, 
Song et al. 2014]. Properly adjusted technological 
conditions make it possible to achieve satisfac-
tory removal of carbon, nitrogen and phosphorus 
compounds [Turkmenler and Aslan 2017, Ofman 
and Struk-Sokołowska, 2019, Joshiba et al. 2019]. 
However, it should be emphasised that biological 
processes cannot completely remove the pollut-
ants flowing into the treatment plant in the raw 
wastewater stream [Gizgis et al. 2006]. There-
fore, treated wastewater mainly contains hardly 
biodegradable carbon compounds expressed as 
COD and residual amounts of nitrogen com-
pounds [Ma et al. 2020, Liang et al. 2007]. It is 
important to note here that Polish legislation does 
not require the specification of nitrogen forms 
in treated wastewater and only the total nitrogen 

form in the treated wastewater is standardised. 
Nevertheless, treated wastewater most often con-
tains nitrogen in the form of ammonium and ni-
trate (V). These forms are classified as biogenic 
compounds which may cause secondary pollution 
of the receiving water body due to deterioration 
of its aerobic conditions [Struk-Sokołowska et 
al. 2020]. This phenomenon is connected with 
increased uptake of oxygen in receiver waters as 
a result of the oxidation processes of pollutants 
present in them [Skorbiłowicz and Ofman 2014, 
Kanaujiya et al. 2019, Veetil et al. 2021].

A potential solution to the indicated problem 
could be the use of biological filters as a third 
stage of wastewater treatment [Wang et al. 2008, 
Hassan et al. 2021]. This technology is based on 
the use of porous material as a carrier to immobil-
ise microorganisms [Yang et al. 2021]. This leads 
to the growth of microorganism consortia in a 
controlled volume, resulting in conditions allow-
ing for the intensification of carbon and nitrogen 
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transformations [Wang, 2021]. It should be em-
phasised that achieving satisfactory efficiency of 
carbon and nitrogen removal from treated waste-
water in additional stages of wastewater treat-
ment is fraught with certain difficulties, which 
arise from the biochemical aspect [Dong et al. 
2019]. The COD values observed in the treated 
wastewater correspond mainly to carbon com-
pounds that are difficult to biodegrade and have 
not been removed by biodegradation and bio-
sorption during the biological treatment stage. 
The removal of nitrogen compounds, on the 
other hand, requires both an adequate amount 
of biodegradable carbon for the denitrification 
process and an adequate alkalinity and dissolved 
oxygen concentration for the oxidation of am-
monium nitrogen in the case of nitrification [Na-
sir et al. 2019, Rahimi et al. 2020].

Taking into account the described issue of 
carbon and nitrogen removal from treated waste-
water, this paper analyses the processes of car-
bon removal expressed as COD, denitrification 
and nitrification in a biofilter bed. The aim of the 
study was to identify the technological conditions 
that would allow the most effective removal of 
these pollutants from model treated wastewater.

MATERIALS AND METHODS

The research was conducted under laboratory 
conditions in a model biological filter. The filter 
was filled with filter grit of different granulation. 
The total height of the filter bed was 200 mm and 
its internal diameter was 50 mm. The filter layer 
on which the biological film was grown account-
ed for 50% of the total bed filling and consisted 
of grit with a diameter of 2 to 3 mm. Above the 
biological layer a grit layer of the same granu-
lation was used to retain suspended solids. This 
layer accounted for 20% of the total height and 
was periodically cleaned of suspended solids in 
order to maintain the hydraulic conditions of flow 
through the bed. The final element of the filter fill-
ing was two holding layers, which consisted of 
grit with a granulation of 3 to 5 mm and grit with 
a granulation of 5 to 8 mm. The height of the first 
holding layer was equal to 20% of the total height 
of the filter bed, while the second layer accounted 
for 10% of the total filter bed height. The biologi-
cal layer of the filter bed was made on the basis 
of an activated sludge inoculum with a volume of 
200 mL, which contained 1 g of dry matter. This 

volume of activated sludge was applied to the 
layer intended for the biological part and adjusted 
to laboratory conditions for a period of 60 days.

The experiments were carried out with the 
volume of the wastewater stream flowing through 
the filter bed ranging from 1 to 40 mL·min-1. Each 
of the flows was maintained in the bed for 3 days. 
It should be stressed out that this period was nec-
essary for the microorganisms to adapt to the new 
operating conditions of the filter bed. Along with 
an increase in the wastewater volume, the unit 
quantity of nutrients flowing into the biological 
part also increased. This required the microorgan-
isms to adapt to the production of more enzymes 
allowing the biodegradation of carbon and nitro-
gen compounds in the wastewater flowing into 
the bed. Table 1 presents selected technological 
parameters of the filter bed, which were main-
tained during the experiment.

The filter bed was fed with model wastewater 
prepared from sodium acetate (103.00±0.51 mg·L-1), 
ammonium chloride (6.79±0.14 mg·L-1), potas-
sium nitrate (2.74±0.08 mg·L-1) and potassium 
dihydrogen phosphate (2.52±0.11 mg·L-1). The 
model wastewater was prepared to reflect the 
parameters of the wastewater treated at the bio-
logical stage. The mixture of substances used 
allowed to obtain appropriate concentrations of 
carbon compounds, nitrogen and phosphorus in 
the wastewater [Ofman and Struk-Sokołowska, 
2019]. The individual substances were dissolved 
in dechlorinated tap water. This approach made 
it possible to limit the oxidising character of free 
chlorine present in the tap water. The parameters 
of the model wastewater flowing into the filter bed 
were presented in Table 2.

Laboratory analyses including measurement 
of COD, N-NH4, N-NO2 and N-NO3 were per-
formed by spectrophotometric method using a 
Merck UV-VIS Pharo 300 spectrophotometer. 
The reagents recommended by the manufac-
turer were used for the determinations, and the 
analytical procedure was carried out according 
to the instructions supplied with the reagents 
manufacturer. The pH and dissolved oxygen were 
measured using a multi-parameter probe YSI 
Professional by WTW.

The research was summarised by an analy-
sis of Pearson’s correlation coefficients, aimed 
at verifying which of the biofilter technological 
parameters or raw sewage flowing into the filter 
bed had the greatest effect on the course of trans-
formations of carbon and nitrogen compounds. 
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Statistical analyses were carried out using 
the Statistica 13.3 software in the Polish lan-
guage version.

RESULTS AND DISCUSSION

In the conducted studies the uptake of dis-
solved oxygen present in the model wastewater 
and the transformation of carbon and nitrogen 
compounds were observed (Table 3). The aver-
age dissolved oxygen concentration in the model 
influents was above 6 mg·L-1, which made it pos-
sible to observe the transformation of carbon and 
nitrogen compounds under aerobic conditions. 
However, it should be emphasised that the type of 
conditions that prevailed in the biological bed de-
pended mainly on the technological parameters of 
the filter bed. The relationship between the effi-
ciency of particular parameters removal of waste-
water flowing into the bed and the contact time of 
the treated medium with the biological layer of 
the bed became highly apparent. It should be em-
phasised that the removal efficiency of individual 
parameters in model wastewater increased with 
increasing contact time of the wastewater with the 
biological layer. In addition, a prolonged contact 
time promoted an increase in dissolved oxygen 
uptake rate (OUR). Throughout the experiment, 
changes in OUR were observed ranging from ap-
proximately 18% to over 96%. COD removal effi-
ciency varied from 13.38 to 62.15%. Ammonium 
nitrogen was removed during the experiment with 
efficiencies ranging from 4.34 to 82.86%, while 
N-NO3 was removed with efficiencies ranging 

from 9.70 to 63.37%. For N-NO2, removal effects 
were observed for the three longest contact times 
(385, 77 and 38 minutes). For retention times of 
385 and 77 minutes, the removal efficiency of 
N-NO2 was more than 95%, while for a retention 
time of 38 minutes the removal effect of N-NO2 
was 0.50%. For retention times shorter than 
38 minutes only higher concentrations of this ni-
trogen form were observed in the effluent flowing 
out of the bed compared to the influent flowing 
in, resulting in negative values of the N-NO2 re-
moval effect.

Biodegradation of carbon compounds ex-
pressed as COD (Fig. 1) was most intense at the 
lowest flow velocities. The increase in COD con-
centration in effluents flowing out of the bed was 
characterised by a trend of change close to loga-
rithmic. The lowest COD concentration in the 
outflow was observed in the range of linear flow 
velocity from 0.02 to 0.16 m·h-1. At velocities 
ranging from 0.23 to 0.60 m·h-1, COD in the fil-
tration bed effluent varied from about 80.0 m·h-1 
to over 100.0 m·h-1. It should be stressed that a 
clear increase in COD in the filtration bed efflu-
ent was observed between filtration velocities of 
0.16 and 0.23 m·h-1. The gradual increase in COD 
concentration in the effluent flowing from the bed 
may be a result of the decreasing contact time of 
the effluent with the biological layer [Yang et al. 
2009, Pedrosa et al. 2019]. Hence, the amount of 
microorganisms that were present in the unit vol-
ume of the filter bed did not show the ability to 
decompose the increasing amount of nutrients at 
a higher filtration velocity [de Silva and de Cam-
pos 2021]. In addition, the relatively lower COD 

Table 2. Parameters of wastewater flowing into the filter bed

Parameter Unit Arithmetic mean Standard deviation Minimum Maximum
pH - - - 7.59 7.67
O2

mg·L-1

6.16 0.06 6.06 6.30
COD 111.37 1.42 108.00 115.00

N-NH4 2.31 0.06 2.20 2.40
N-NO2 0.16 0.02 0.13 0.20
N-NO3 1.67 0.07 1.54 1.81

Table 1. Technological parameters of the filter bed

Technological parameter Unit Range
Volumetric flow rate (Q) mL·min-1 1.0–40.0
Linear flow velocity through the filter bed (VF) m·h-1 0.02–0.60
Contact time between wastewater and filter bed (TF) min 19.0–769.0
Contact time of wastewater with biological layer (TB) min 10.0–385.0
Hydraulic load on the filter bed (HLRF) L·m-2·d-1 0.02–0.62
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values observed at the three lowest linear flow ve-
locities may result from the fact that both anaero-
bic and aerobic conditions for the decomposition 
of carbon compounds occurred in the filter bed [Xi 
et al. 2005]. This type of phenomenon is reflected 
in the concentration of dissolved oxygen in the 
effluent flowing from the bed, which at velocities 
between 0.02 and 0.16 m·h-1 was no higher than 
1.58 mg·L-1. On the other hand, at filtration ve-
locities above 0.23 m·h-1 aerobic conditions pre-
dominated in the filter bed, as indicated by higher 
dissolved oxygen concentrations in the effluent 
flowing out of the bed. Thus, the described obser-
vations indicate that the velocity of wastewater 
flow through the bed is of key importance in the 
biodegradation of carbon compounds expressed 
as COD. As the linear flow velocity primarily de-
termines the contact time of the wastewater with 
the biological layer and consequently determines 
the uptake rate of dissolved oxygen and nutrients 
present in the wastewater [El Mouhri et al. 2019, 
Chaouki et al. 2020].

Due to the fact that the dissolved oxygen 
concentration in the effluent flowing into the 

bed was 6.16 mg·L-1 on average, the changes in 
N-NH4 concentration (Fig. 2) at each of the filtra-
tion velocities were dictated by the occurrence of 
the nitrification process. Similarly to the changes 
observed in the case of COD, the concentration 
of N-NH4 in the outflow from the filter bed in-
creased with increasing flow velocity through 
the bed. This phenomenon results from a gradual 
decrease in the contact time with the biological 
part of the filter, which consequently also led to 
a lower oxygen uptake rate [Gonzalez-Martinez 
et al. 2007, Adam et al. 2019]. This resulted in a 
decrease in the intensity of the nitrification pro-
cess and, consequently, in higher concentrations 
of N-NH4 in the outflow from the filter bed.

It should be emphasised here that the nitri-
fication process takes place in two stages. The 
first of these leads to the oxidation of ammonium 
ions to nitrate (III) and is referred to as nitrita-
tion. In turn, the second stage of nitrification, re-
ferred to as nitratation, leads to the oxidation of 
nitrate (III) to nitrate (V), as the more stable form 
in the aquatic environment. However, it should 
be emphasised that the oxygen consumption in 

Figure 1. COD biodegradation during the experiment

Table 3. Carbon and nitrogen removal efficiency and oxygen uptake rate in the filter bed during the experiment
VF

[m·h-1]
TB

[min]
OUR

[mg·L-1]
COD

[mg·L-1]
N-NH4
[mg·L-1]

N-NO2
[mg·L-1]

N-NO3
[mg·L-1]

0.02 385 96.78±1.14 62.15±2.07 82.86±0.53 93.33±0.01 61.73 ± 0.01
0.08 77 91.82±0.39 50.43±2.92 69.12±0.94 93.75±0.01 63.37 ± 0.01
0.16 38 80.42±1.01 46.88±3.26 52.83±2.65 0.50±0.01 51.79 ± 0.01
0.23 26 75.79±1.19 24.07±4.67 24.97±4.17 -85.71±0.01 31.71 ± 0.01
0.32 19 73.94±1.24 19.62±4.44 14.19±6.14 -63.16±0.01 24.55 ± 0.01
0.40 15 69.04±1.80 16.70±4.55 8.51±7.58 -153.33±0.01 22.48 ± 0.01
0.46 13 44.53±2.86 14.43±3.50 10.03±2.81 -164.29±0.01 17.26 ± 0.01
0.55 11 21.15±4.63 12.52±3.97 12.87±6.89 -100.00±0.01 9.70 ± 0.01
0.60 10 17.91±4.38 13.38±4.07 4.34±4.78 -77.78 ±0.01 11.98 ± 0.01
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the two nitrification steps is different and that 
nitritation requires 2.67 mg O2 for the oxidation 
of 1 mg NH4

+ to NO2
-. In contrast, the nitratation 

process requires 0.34 mg O2 for the oxidation of 
1 mg NO2

- to NO3
- [Shan et al. 2014, Guven et al. 

2016]. Hence, under conditions of limited avail-
ability of dissolved oxygen in the treated medi-
um, nitritation is the dominant process (Fig. 3). 
The described phenomenon was observed in the 
case of N-NO2 transformations. The described 
character of the first stage of nitrification was 
particularly evident at filtration velocities above 
0.23 m·h-1, where higher N-NO2 concentrations 
were observed in the effluent flowing out of the 
bed compared to the effluent flowing into the bed. 
On the other hand, at filtration velocities between 
0.02 and 0.16, lower N-NO2 concentrations were 
observed compared to the wastewater entering 
the bed. This observation indicates that at lower 
filtration velocities, both the contact time and the 
amount of oxygen in the treated effluent were suf-
ficient for nitrification to occur.

The previously mentioned nitration process 
and its exact course is difficult to interpret due 
to the fact that NO3

- ions were present in the raw 
wastewater flowing into the bed. Nevertheless, 
the transformation of N-NO3 (Fig. 4) allowed to 
determine the intensity with which the denitrifica-
tion process proceeded. It should be emphasised 
that a reduction of N-NO3 was observed at each of 
considered filtration velocities. However, the de-
nitrification process was most intense at filtration 
velocities between 0.02 and 0.16 m·h-1. This ob-
servation may be related to the longer residence 
time of the wastewater in the filter bed and the 
resulting better uptake of dissolved oxygen pres-
ent in the wastewater flowing into the bed [Fara-
begoli et al. 2003].

The analysis of Pearson correlation coeffi-
cients showed that the transformation of carbon 
compounds expressed as COD and individual 
studied nitrogen forms depended most signifi-
cantly on the technological parameters of the 
filtration bed. Both the wastewater flow and 

Figure 3. Transformation of N-NO2 during the experiment

Figure 2. Transformation of N-NH4 during the experiment
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the hydraulic loading of the biological layer 
were positively correlated with all the consid-
ered parameters. This indicates that as the flow 
and filtration velocity increased, the values of 
the individual studied parameters in the treated 
wastewater increased. On the other hand, nega-
tive values of the Person’s correlation coefficient 
were observed between the contact time of waste-
water and the biological layer of the filtration bed, 
which indicates that with increasing contact time 
of wastewater with the biological layer, the val-
ues of individual studied parameters decreased. 
The described changes are directly reflected in 
the results of the conducted studies. It should be 
emphasised that no statistically significant cor-
relation was observed between the values of the 
parameters in the wastewater flowing into the de-
posit and those in the wastewater flowing out of 
the deposit. This observation indicates that under 
the adopted experimental conditions the transfor-
mation of carbon and nitrogen compounds did not 
depend on the quality of wastewater flowing into 
the filtration bed, but the conditions of the process 
were of crucial importance.

CONCLUSIONS

The conducted research has shown that trans-
formations of carbon and nitrogen compounds 
take place in the biological vertical filter under 
both aerobic and anaerobic conditions. The re-
moval efficiency of the studied pollutants depend-
ed on the filtration velocity, and with an increase 
of this parameter a decrease was observed. In the 
case of dissolved oxygen, a reverse pattern to that 
described was observed, indicating that dissolved 
oxygen uptake rate is higher at lower filtration 
velocities. This studies have shown that anaero-
bic and aerobic conditions occur in the filter bed 
at filtration velocities from 0.02 to 0.16 m·h-1. 
Above this filtration velocity range, aerobic con-
ditions dominate in the filtration bed.
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