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INTRODUCTION

Unlike the activated sludge, the biofilm is less 
susceptible to the changes of such technological 
parameters as: contaminants load, volume of in-
flowing wastewater or presence of toxic substanc-
es in wastewater. This is due to high quantities of 
extracellular polymeric substances (EPS) which 
constitute a buffer to microorganisms [Boltz et al. 
2017, Nicolella et al. 2000b]. As a result of long 
period of biomass retention in a reactor, the bio-
film is characterized by a higher degree of miner-
alization and, thus, by a lower volume of excess 
biomass discharged from the reactor. It is impor-
tant considering the necessity of excess biomass 
management [Helness and Odegaard 2001]. For 
this reason, the reactors with a biofilm are wide-
ly applied in small wastewater treatment plants 
where they often work in the maintenance-free 
mode. Such reactors ensure a high efficiency of 
organic matter removal and nitrification. Howev-

er, denitrification and dephosphatation of waste-
water are often curbed by the concentration of the 
available organic compounds. Nevertheless, bio-
film reactors have a vast potential for simultane-
ous and effective removal of nitrogen and phos-
phorus compounds from wastewater as a result of 
the likely co-occurrence of aerobic, anoxic and 
anaerobic conditions in one reactor [Boltz et al. 
2012, Gieseke  et al. 2002]. 

The problem of organic compounds deficit 
may be solved through the use of an external 
source of organic carbon. A substrate fed to the re-
actor should, however, be characterized by a high 
efficiency of utilization and of aiding biological 
processes. In addition, it should be safe to users 
considering, e.g., its dosage in poorly controlled 
installations or the installations with possible ac-
cess of unauthorized persons [Janczukowicz and 
Rodziewicz 2013, Mielcarek et al. 2013].

In this experiment, we investigated the feasi-
bility of using an external source of organic car-
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ABSTRACT
This study investigates the feasibility of using an organic substrate in the form of acetic acid to enable wastewater 
denitrification in a Sequencing Batch Biofilm Reactor (SBBR). The impact of nitrates presence on the yield of bio-
logical dephosphatation was determined as well. The experiment included 296 cycles and was divided into 4 series 
differing in the load of nitrates. The N:(C and P) ratios were: 7:(140 and 7); 35:(140 and 7); 70:(140 and 7) and 
140:(140 and 7). The hydraulic retention time in the reactor was 12h (6h of mixing – dissolved oxygen concen-
tration below 0.1 and 6h of aeration – concentration of dissolved oxygen 3.0±0.8 mgO2·dm-3). The study demon-
strated that the 30-day adaptation period (60 cycles) was sufficient for the development of a stable biofilm. The 
C:N ratio of 2 ensured the total nitrogen concentration in the effluent below 1 mgN·dm-3. The mean efficiency of 
biological dephosphatation reached 7.0, 17.4, 18.7, and 30.3% in series 1–4, respectively. In the case of series 
2 and 3, no significant differences were demonstrated in the total phosphorus concentration in the effluent. In the 
other series, the differences turned out to be significant. 
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bon in a sequencing batch reactor with a biofilm 
(SBBR). The demand of the biofilm bacteria for 
an organic substrate in the form of acetic acid to 
enable wastewater denitrification as well as the 
effect of nitrates presence of the yield of biologi-
cal dephosphatation, were determined. 

METHODS

The experiment was carried out in a Sequenc-
ing Batch Biofilm Reactor (SBBR). The volume 
of reactor was 5 L. The SBBR filling was a set 
of 8 disks made of acidproof steel with diame-
ter of 0.1 m and thickness of 1∙10–3 m each. The 
disks surface to reactor active volume ratio was 
25 m2/m3. The SBBR construction enabled only 
the formation of biomass in the form of a biofilm 
coating the disks, discharge of the whole volume 
of wastewater with excess biomass, as well as pe-
riodical aeration and stirring of wastewater. The 
disks were rotating with the speed of 60 rpm. 

Synthetic wastewater and organic carbon 
source

The characteristics of the synthetic waste-
water used in the experiment were similar to the 
ones of the nitrification process effluent (Table 1). 
The experiment was divided into 4 series differ-
ing in the N:(C and P) ratio. The organic matter 
load was constant and reached 11.2 gC·m-2·d-1, 
which ensured a stable volume of biomass in the 
reactor throughout the experiment. A solution of 
acetic acid was used as the substrate and its dose 
was adopted after an overview of literature data 
[Mielcarek et al. 2016, 2017; Park et al. 2008]. 
The initial concentration of total organic car-
bon (TOC) in wastewater was assumed at 140 
mgC·dm-3. The load of nitrogen compounds was 
increased in the successive experimental series. 

The N:(C and P) ratios were : 7:(140 and 7) in 
cycles 1–116 (series 1); 35:(140 and 7) in cycles 
117–176 (series 2); 70:(140 and 7) in cycles 
177–236 (series 3) and 140:(140 and 7) in cycles 
237–296 (series 4). It corresponded to nitrogen 
load from 0.56 to1.12 gN·m-2·d-1.

The activated sludge from the ”Łyna” Munic-
ipal Sewage Treatment Plant in Olsztyn consti-
tuted the inoculum. The hydraulic retention time 
in the reactor was 12h (6h of mixing – dissolved 
oxygen concentration below 0.1 mgO2·dm-3 and 
6h of aeration – concentration of dissolved oxy-
gen 3.0±0.8 mgO2·dm-3). The lack of a sedimen-
tation phase resulted from the replacement of 
the whole treated wastewater together with the 
exfoliated biofilm. The exact experiment was 
preceded by 30-day period of reactors adapta-
tion, when the technological parameters were the 
same as in series 1. The reactor was operated at 
a temperature of 20–24°C. Each time, 5 dm3 of 
wastewater were fed to bioreactors. The samples 
were collected at the end of the cycle and filtered 
through a medium filter. The analyses were car-
ried out at the laboratory of the Department of 
Environmental Engineering, University of Warm-
ia and Mazury in Olsztyn.

The study involved measurements of the 
pH value and temperature using CP-105 water-
proof pH-meter (elmetron, Poland); redox po-
tential using pH211 Microprocessor (Hanna In-
struments, Spain); dissolved oxygen using Oxi 
330i/set (WTW, Germany); total organic carbon 
with the “oxidative combustion-analysis in infra-
red” method and total nitrogen with the “oxida-
tive combustion-chemiluminescence” method 
using TOC-L with TNM-L device analyzer (Shi-
madzu Corporation, Japan); total phosphorus 
was determined using UV-VIS 5000 DR spec-
trophotometer (HACH Lange, Germany) with 
the HACH Lange LCK 348–350 method. The 
biomass growth during one cycle was determined 
by filtration of the whole volume of the treated 
wastewater through a medium filter, followed by 
the dry mass retained on the filter, according to 
PN-EN 872:2007 standard.

The statistical analysis of results was conduct-
ed using the Statistica 12computer software. Be-
fore selecting an appropriate statistical test, nor-
mal distribution of the variable and homogeneity 
of the variance were checked in each compared 
group. Normality of distribution was verified with 
the Shapiro-Wilk W test, while homogeneity was 
verified with the Levene’s test. When the results 

Table 1. Physicochemical characteristic of synthetic 
wastewater

Parameter Unit Value
Temperature 0C 22±2
Redox potential mV 180±10
pH - 7.70±0.1
Total organic carbon 
(TOC) mgC·dm-3 <1

Total nitrogen (TN) mgN·dm-3 7.0–140.0
Nitrate mgN·dm-3 7.0–140.0
Total phosphorus (TP) mgP·dm-3 7,00
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obtained showed normal distribution and homog-
enous variance, the analysis of variance ANOVA 
and multiple comparison test, the so-called post-
hoc HSD Tukey’s test, were employed. When 
the variables did not meet the above-mentioned 
criteria, an alternative non-parametric Kruskal-
Wallis test was used. The level of significance 
was adopted at 0.05.

RESULTS AND DISCUSSION

The time needed for biofilm formation and 
adaptation may vary depending on the technical 
and technological solutions. In a study conducted 
by Mielcarek et al. [2016, 2017], the time needed 
to reach a stable biofilm in the SBBR type reac-
tor working only under anaerobic conditions was 
ca. 43 days with waste beer used as an organic 
substrate and ca. 48 days with citric acid used in-
stead. In the experiment carried out by Cydzik-
Kwiatkowska et al. [2016] involving pelletized 
aerobic sludge, the time needed for SBR reac-
tor adaptation was equal to 70 eight-hour cycles 
(ca. 24 days). Afterwards, the parameters of the 
treated wastewater did not change by more than 
10% between cycles [Kwiatkowska et al. 2016]. 
Similar values were reported by Mieczkowski et 
al. [2016]. In turn, Guo et al. [2005] found ca. 
30-day period of a biofilm reactor adaptation as 
sufficient to achieve its stable work after modi-
fication of the technological parameters (organic 
matter load fed to the reactor). The adaptation pe-
riod caused by the dosage of an external source 
of organic carbon in the form of wastewater from 
a distillery, brewery and fish marinating reached 
2 weeks for activated sludge at the full techni-
cal scale [Swinarski et al 2009]. Similarly, stable 
conditions were achieved after 15 days for the 
SBR type reactor fed with acetate and used for the 
treatment of wastewater with a high concentra-
tion of nitrates (1000 mgN·L-1) [Jena et al. 2016].

In the conducted study, the 30-day adaptation 
period (60 cycles) was sufficient for the develop-
ment of a stable biofilm. The biofilm thickness 
ranged from ca. 1 to 20 mm and enabled an ef-
fective consumption of the organic substrate. 
The concentration of organic carbon in the efflu-
ent accounted for 3.5±0.6, 2.8±1.2, 2.7±1.5, and 
2.7±1.5 mgC·dm-3 in series 1, 2, 3 and 4, respec-
tively (with organic substrate concentration at the 
beginning of the cycle reaching – 140 mgC·dm-3). 
These values were not statistically significantly 

different (Fig. 1). The high efficiency of the or-
ganic substrate uptake corresponded to a high ef-
ficiency of denitrification. In series 1–3, when the 
C:N ratio ranged from 2 (series 3) to 20 (series 
1), the total nitrogen concentration in the efflu-
ent reached 0.63±0.10, 0.80±0.31 and 0.62±0.22 
mgN·dm-3 in series 1, 2 and 3, respectively. These 
values were not statistically significantly differ-
ent. In series 4 (with C:N ratio of 1), the mean 
concentration of TN in the effluent increased sig-
nificantly and reached 83.29±3.62 mgN·dm-3. The 
use of acetic acid and alkalinity increase induced 
by denitrification also contributed to the pH in-
crease from pH 5.9 in the treated wastewater to 
the pH 8.23–8.56 in the effluent. The occurrence 
of anoxic-anaerobic conditions may stimulate the 
denitrifying activity of PAOs bacteria [Zeng et al. 
2003]. Oxygen may appear in the biofilm even at 
a depth of ca. 100–150 µm [Nerenberg 2016]. For 
this reason, three layers of biofilm may be dis-
tinguished under varying conditions of aeration 
and stirring, i.e. a layer with aerobic-anoxic-an-
aerobic conditions, a layer with anoxic-anaerobic 
conditions, and an anaerobic layer where mainly 
biofilm degradation proceeds. At the same mor-
phological parameters of the biofilm, the depth 
of nitrates penetration depends on their concen-
tration in the wastewater being treated [Nicolella 
2000a]. This was the likely reason of a significant 
increase in the dephosphatation efficiency along 
with increased concentration of nitrates in waste-
water. It reached 7.0, 17.4, 18.7, and 30.3% in 
series 1–4, respectively. This corresponded with 
the mean concentration of total phosphorus from 
6.51 to 4.88 mgP·dm-3. In the case of series 2 and 
3, no significant differences were demonstrated in 
the total phosphorus concentration in the effluent. 
In other series, the differences turned out to be 
significant (Fig. 1). The increased dephosphata-
tion activity of microorganisms in the succes-
sive series confirms the fact that no statistically 
significant differences were found in the volume 
of biomass discharged from the reactor (the per-
centage content of phosphorus in biofilm dry 
matter had to increase). The volume of biomass 
discharged in the subsequent series was: 22±11; 
21±12; 20±7, and 20±6 mg·dm-3 (Fig. 1).

In addition, the increasing load of nitrates fed 
to the reactor contributed to the changes in the 
redox conditions in the reactor. In series 1, with 
N:(C and P) at 7:(140 and 7), the redox poten-
tial determined at the end of the stirring stage 
reached (-) 136.8±24.1 mV. The 6h aeration stage 
caused the redox potential to increase to the val-
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ue of 53.0±11.5 mV. In series 4 with the highest 
N:(C and P) ratio, the redox potential accounted 
for 205.8±12.6 and 252.5±12.7 mV at the end of 
stirring and aeration stages, respectively. This of-
fered beneficial conditions for enhanced intracel-
lular accumulation of polyphosphates already at 
the stirring stage of the subsequent series.

CONCLUSION

The results of the conducted experiment allow 
to conclude that highly efficient denitrification of 
nitrates is feasible in the reactor with a biofilm 
working in 12h cycles upon the use of an exter-
nal source of organic carbon. The C:N ratio of 2 
ensured the total nitrogen concentration in the ef-
fluent below 1 mgN·dm-3. The increase of nitrates 
load fed to the reactor caused an increase in the 
dephosphatation activity of microorganisms. This 
may contribute to the reduced demand for organ-
ic carbon which is indispensable for the nitrogen 

and phosphorus removal. The reduced organic 
carbon requirement may affect the operating costs 
in a full scale wastewater treatment plant.
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