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INTRODUCTION 

Over the last years, several technologies for 
biological wastewater treatment have been have 
been developed. However, one of the most com-
monly applied systems is the activated sludge 
process [Babko et al., 2016; Guo et al., 2019]. 
Therein, pollutants are biodegraded by the mi-
croorganisms suspended in the activated sludge 
under the aerobic, but also anoxic and anaerobic 
conditions [Gernaey, 2008; Fyda et. al 2015]. 
Currently, one of the main concerns of many 
wastewater treatment plants (WWTPs) is high 
energy demand [Masłoń 2017; Drewnowski et 
al., 2019] and presence of new and previous ab-
sent pollutants (emerging pollutants) e.g. synthet-
ic organic compounds [Deblonde et al., 2011], 

pharmaceuticals [Katsou et al, 2016; Benedetti et 
al., 2020], disinfectants and hormones [Dudziak 
and Burdzik-Niemiec, 2017; Zhou et al., 2019]. 
Another aspect is the stricter legislation concern-
ing the effluent quality [EU Water Framework 
Directive 2015/495]. These problems have been 
related with the increasing operational costs, as 
well as the necessity of process improvement 
[Piechna and Żubrowska-Sudoł, 2017; Szezląg 
et al., 2018; Guo et al., 2019]. A rapid detection 
and response to the process inhibition have also 
been a key factor in effective WWTP operation 
[Guz et al., 2015; Łagód et al., 2018] Hence, the 
innovative strategies for the activated sludge op-
timization have constantly been sought [Czarnota 
et al., 2019; Roots et al., 2020]. Moreover, the 
approaches that could be easily implemented at 
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ABSTRACT
In the present study, the influence of bioaugmentation strategy on the co-treatment of 13% v/v reject water and 
municipal wastewater at a decreasing temperature was evaluated. The experiment was performed in two identical 
laboratory sequencing batch reactors with the active volume of 8 L. Each one was operated using a 12-hour cycle 
at sludge retention time of 3 d. The SBR A was bioaugmented with a mixture of wild-living bacteria and Archaea 
in a dose 0.25 ml. In turn, the comparative reactor (SBR B) was non-bioaugmented, the Archaea product was 
replaced with an equal volume of dechlorinated tap water. The experiment was divided into 3 phases, each with a 
different temperature range (20, 15 and 10°C). The temperature reduction did not adversely affect the process per-
formance in the bioaugmented and non-bioaugmented system. Significant removal efficiencies were achieved in 
both SBRs. The major differences were observed for the COD content in the bioaugmented SBR at a temperature 
of 10°C. In this case, statistically lower concentrations in the effluent were observed in the bioaugmented system 
than in the non-bioaugmented one. Additionally, at a temperature of 10°C, an improved process performance was 
observed in the Archaea presence, but the differences were of no statistical significance.
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WWTPs without the necessity to reconstruct the 
existing objects seem to be particularly benefi-
cial. One of the possible tools to overcome these 
difficulties is bioaugmentation [van Limbergen 
et al., 1998; Bathe et al., 2009]. It involves the 
introduction of specific competent strains or con-
sortia of microorganisms to a contaminated en-
vironment or bioreactors to enhance the removal 
of undesired compounds or improve the process 
performance [van Limbergen et al., 1998, Grabas 
et al., 2016]. This method has been widely ap-
plied to the activated sludge systems to achieve 
stable treatment performance in the presence of 
such process inhibitors as phenolic compounds, 
surfactants, herbicides, heavy metals, sulfides, 
and ammonia [Semrany et al., 2012; Polus and 
Anielak, 2017]. Various implementations have 
concerned the treatment of the industrial waste-
water from, e.g. refineries [Ma et al., 2009] paper 
[Zheng et al., 2013], steel [Park et al., 2008] and 
tobacco [Wang et al., 2010] industries. Another 
application of this strategy involved the improve-
ment of the biodegradation of toxic organic com-
pounds such as endocrine agents, pharmaceuti-
cals, and personal care products [Boonnorat et al., 
2018]. The potential of this method has also been 
demonstrated to accelerate the start-up period of 
bioreactors [Gou et al., 2010; Cui et al., 2014]. 
Bioaugmentation has also been applied as a tool 
to protect the structure of microbial community 
against various stress conditions such as low tem-
perature [Head and Oleszkiewicz, 2004], high 
nitrate load [Tan et al., 2016], reduced oxidation 
and feeding disturbances [Szaja et al., 2018]. 

Another serious issue that may disrupt the 
operation of the biological reactors at many 
WWTPs, is the contribution of significantly con-
tained wastewater from sewage sludge process-
ing to the main flow [Hu et al., 2017; Drewnows-
ki et al., 2019]. This side-stream, called reject 
water, provides 10–50% and 10–80% of nitro-
gen and phosphorus load, respectively [Ren et 
al., 2015]. Currently, it is recommended that this 
wastewater should be pre-treated before recy-
cling and supplying the main influent [Marttinen 
et al., 2004]. However, many WWTPs still can-
not afford the construction of separate and ad-
vanced facilities for a relatively small flow rate 
of the reject water. Under the Polish conditions, 
low temperature is an additional and frequently 
appearing factor that can affect the biomass ac-
tivity as well as the physiochemical properties of 

the mixed liquor in the activated sludge systems. 
Moreover, the adaptation of the microorganisms 
in the biological reactors to abrupt temperature 
variations is significantly limited [Mąkinia et al., 
2005; Shahzad et al., 2015]. It should be noticed 
that the nitrifying bacteria are particularly very 
sensitive to low temperature. A sudden decrease 
in temperature resulted in the low efficiency of 
the nitrification process that is crucial and fre-
quently a rate-limiting step in the nitrogen re-
moval [Hwang and Oleszkiewicz, 2007; Zhang 
et al., 2009]. Below 15°C, such negative changes 
as reduced grow rate of nitrifiers, decreased sub-
strate utilization rate, deterioration of the settling 
ability of activated sludge are noted [Cui et al., 
2014]. Interestingly, the recent studies have con-
firmed the possibility of applying the bioaugmen-
tation strategy to the activated sludge systems in 
order to enhance the nitrification capacity at low 
temperature [Head and Oleszkiewicz, 2004; Cui 
et al., 2014; Figdore et al., 2018]. 

In the present study, the influence of the bio-
augmentation strategy on the co-treatment of 
reject water and municipal wastewater in SBR 
(sequencing batch reactor) at a decreasing tem-
perature was evaluated. A mixture of wild-living 
bacteria and Archaea from Yellowstone Nation-
al Park (ArcheaSolutions Inc.) was applied. It 
should be noted that the studies in this area have 
not been performed so far. 

MATERIALS AND METHODS

Laboratory installation and pperational 
set-up

The experiments were performed in labora-
tory SBRs with an active volume of 8 L (Fig. 1). 
Each of them was equipped with a mechanical 
stirrer, an air membrane diffuser and control unit. 
In order to maintain the adopted temperature, the 
reactors were kept in water bath. 

Each SBR cycle consisted of the following 
phases: feed (30 min), reaction (mixing 120 min 
and aeration 420 min), sedimentation (90 min) 
and effluent (30 min). Additionally, the opera-
tional phase which lasted 30 min for excessive 
sludge removal and wastewater sampling was 
distinguished. In the conducted studies, each SBR 
was operated using a 12-hour cycle. 
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The experiment was divided into three phases 
with different temperature, each lasted 13 days. 
In the first one, the temperature was maintained 
at 20°C. After this stage, the temperature was re-
duced to 15°C and finally the temperature was 
estimated at 10°C. 

In the present study, the SBR A was bioaug-
mented with an Archaea domain microorganism, 
while the SBR B was non-bioaugmented (con-
trol one). The dose of 0.25 L of bioaugmented 
product was added to the SBR A. In the control 
reactor (SBR B) the bioaugmentation product 
was replaced with an equal volume of dechlori-
nated tap water. A detailed operational set-up is 
presented in Table 1 and Figure 2. Both reactors 
were supplied with the wastewater that contained 
a constant volume of reject water (13% v/v). The 
effectiveness of the bioaugmentation strategy was 
examined based on the removal efficiencies, pro-
cess stability and effluent concentrations. 

Material characteristic

All samples used in the experiment were 
collected from the mechanical-biological Lub-
lin WWTP with the daily flow of 65 000 m3/d. 
An inoculum for the laboratory reactors was 
obtained from the aeration tank involving a 
modified Bardenpho method [Guz et al., 2015]. 
The characteristic of seeding sludge was as fol-
lows: sludge retention time (SRT) of 14.9 days, 
mixed liquor suspended solids (MLSS) 3.21 g 
dm-3 and mixed liquor volatile suspended sol-
ids (MLVSS) 2.45 g dm-3. The food to micro-
organism ratio (F/M ratio) was 0.12 gBOD5/
gMLVSS·d and the sludge volume index (SVI) 
236 mL g-1. The adaptation of the biomass in the 
SBRs was achieved after 20 d. 

The wastewater was obtained from the prima-
ry sedimentation tank effluent. In turn, the reject 
waste was taken from the dewatering belt press. 

Figure 1 The laboratory installation used in the experiment [Szaja et al., 2018]:
1 – electric motor driving the mixing system; 2 – distribution pipes for pressured air; 3 – SBR-type 
bioreactor; 4 – water bath with stabilized temperature; 5 – low-speed blade stirrer; 6 – membrane 

diffuser; 7 – membrane supercharger supplying the aeration system with pressured air 

Table 1. Operational set-up in experiment

Run Feedstock composition Component volume Operational conditions

SBR A
wastewater
reject water

bioaugmentation product

2.5 L
0.4 L

0.25 L oxygen concentration – 2.0 
mgO2/L

SRT = 3 d
SBR B

wastewater
reject water

dechlorinated tap water

2.5 L
0.4 L

0.25 L
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These samples were taken twice a week; then, 
they were transported to the laboratory and stored 
at 4°C in a refrigerator. Before supplying the 
SBR, the wastewater samples were kept for some 
time in the indoor air to reach 20°C and then were 
homogenized in the adopted proportions using a 
low-speed mixer. 

The wild-living bacteria and Archaea from 
Yellowstone National Park, USA were used for 
bioaugmentation (ArcheaSolutions Inc.). The 
bioaugmentation product was added to SBRs as 
a solution prepared from a solid substrate. The 
generation of liquid occurred in a specially con-
structed preparation device working in a continu-
ous mode. The detailed procedure of the solution 
preparation was described in the previous works 
[Lebiocka et al., 2018; Szaja et al., 2018]. The 
characteristics of both wastewater types and the 
Archaea product used in the experiments are pre-
sented in Table 2.

Analytical methods and statistical analysis

The wastewater samples were analyzed after 
delivery to the laboratory. In turn, the character-
istics of inoculum for SBRs and bioaugmentation 
product were determined once. 

The following parameters were measured: 
the total chemical oxygen demand (COD), to-
tal nitrogen (TN), ammonia nitrogen (NH4

+−N), 
nitrate nitrogen (NO3

- – N) and nitrite nitrogen 
(NO2

- – N). Additionally, the pH level, turbid-
ity and TSS were controlled. Most experimental 
analyses were performed spectrophotometrically 
(Hach Lange UV–VIS DR 5000) using the Hach 
analytical methods (test cuvettes). The pH and 
DO values were monitored by means of a HQ 
40D Hach-Lange multimeter (Hach, Loveland, 
CO, USA). Total and volatile solids were deter-
mined according to the Standard Methods for the 
Examination of Water and Wastewater (APHA, 
2005). The results presented in tables and figures 
are the average values. The differences were as-
sumed to be statistically significant at p < 0.05.

RESULTS AND DISCUSSION 

As shown in table 2, the reject water used in 
the present study is characterized by lower con-
centrations than those presented in the literature 
[Ren et al., 2015; Guo et al., 2010; Dosta et al. 
2007]. The most significant differences were 
noted for the COD concentration; typically, this 

Figure 2. The scheme of conception and operational conditions in the experiment

Table 2 The characteristic of substrates used in the experiment (the mean value and standard deviation are given)

Parameter Unit Reject water Wastewater Archaea liquor*
COD

mg/L

75.33 ± 10.42 620.00 ± 1.20 22 ± 1.0
TN - - 75 ± 1.0

NO3
- – N 0.81 ± 0.23 0.92 ± 0.01 -

NO2
- – N 0.20 ± 0.11 0.23 ± 0.004 -

NH4
+ – N 155.51 ± 24.98 6.02 ± 0.04 0.4 ± 0.02

pH 7.9 – 8.05 7.56 – 7.9 7.16
TSS mg/L 20.33 ± 1.21 270.67 ± 1.52 6 ± 1.0

turbidity NTU 14.79 ± 4.14 125.67 ± 0.57 -

* [Szaja et al., 2018]
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parameter varied between 1500–2000 mg/L 
[Dosta et al. 2007]. Moreover, the ammonia ni-
trogen content was also reduced as compared 
to the reported results. This wastewater could 
contain even 750 to 1500 mg/L [Berends et al., 
2005; Perez et al., 2007]. According to Guo et al. 
[2010], the concentration of NO2

- – N did not ex-
ceed the value of 0.05 mg/L, in the present study, 
the highest concentrations were recorded. The ob-
served differences might result from the influent 
wastewater composition as well as the technology 
adopted for the sewage sludge treatment. More-
over, the reject water was taken from a full-scale 
WWTP during the summer period, when carbon 
removal as well as nitrification, denitrification 
and biological dephosphatation processes occurs 

more intensively. The characteristics of effluents 
from the bioaugmented and non-bioaugmented 
reactor are presented in Figure 3 and 4.

In the first phase of the experiment, the tem-
perature was maintained at 20°C. Considering the 
removal efficiency of the analyzed parameters, 
significant COD, ammonia nitrogen and TSS re-
ductions were achieved for both SBRs. Important-
ly, more than 99% of removal efficiency was ob-
served for ammonia nitrogen in both the bioaug-
mented and non-bioaugmented system. In SBR A, 
the average concentration was 0.44 ±0.03, while 
in SBR B, it reached 0.41±0.02 mg/L. Moreover, 
the COD removal efficiency reached about 94% 
for both SBRs. The average concentration in the 
effluent was 25.4±1.7 and 26.4±2.1 mg/l in SBR 

Figure 3. The concentrations of a) ammonia nitrogen b) nitrite nitrogen c) nitrate nitrogen in the 
effluent of SBR A and SBR B (average data are presented and standard deviations are given)
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A and SBR B, respectively. Analogously to COD 
and NH4

+ – N, the TSS removal was approx. 97% 
in both SBRs. However, the highest concentration 
was found in the bioaugmented system; therein 
the average value was 5.1±1.8 mg/L. In turn, in 
the control reactor it was 4.5±1.2 mg/L. In this 
stage, the nitrite nitrogen content was reduced 
by 60% and 55% in the bioaugmented and non-
bioaugmented SBR, respectively. Therein, the av-
erage values in the effluent were 0.08±0.004 and 
0.09±0.02 in SBR A and SBR B, respectively. 
The different tendency was observed for nitrate 
nitrogen. In this case, due to the nitrification pro-
cess, its concentrations in the effluent increased. 
The average values of 23.7±1.9 and 23±2.8 mg/L 
were found in SBR A and SBR B, respectively. 
It is worth mentioning that the pH value in both 
SBRs remained at a favorable level of pH 7.9. 
Considering the previously mentioned param-
eters, the observed differences between the bio-
augmented and control reactors were no of sta-
tistical significance. The major change between 
the bioaugmented and non-bioaugmented system 
was noted with regard to turbidity. This param-
eter reached 2.5±0.2 and 2.0±0.24 in SBR A and 
SBR B, respectively. Therein, the statistically 

significant increased value was found in the bio-
augmented reactor. 

After 13 days of the SBRs operation, the tem-
perature was decreased to 15°C. In this phase, 
the significant removal efficiencies with regard 
to COD, ammonia nitrogen and TSS were found 
in both SBRs. However, as compared to the first 
phase, the decreasing tendency was observed for 
COD. In this case, the removal efficiencies were 
92.6 and 90.8% in SBR A and SBR B, respec-
tively. In the bioaugmented system, the lower 
COD concentration was found as compared to 
the non-bioaugmented one, but the observed dif-
ferences were of no statistical significance. The 
average values were 36.5±8 and 45.1±13 mg/L in 
SBR A and SBR B, respectively. As previously, 
more than 99% removal efficiency for ammonia 
nitrogen was observed in both reactors. Thus, as 
compared to the first phase, increased concentra-
tions were observed. The average values were 
0.55±0.12 and 0.51±0.14 mg/L in SBR A and 
SBR B, respectively. In this case, the observed 
differences between the bioaugmented and non-
bioaugmented system were statistically signifi-
cant. Similarly to the first period, the TSS removal 
efficiency reached about 97% in both SBRs with 

Figure 4. The characteristics of effluent wastewater in SBR A and SBR B a) pH value and COD concentration 
b) turbidity value and TSS concentration (average data are presented and standard deviations are given)
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average values of 4.6±1.8 and 4.27±1.7 mg/L in 
the bioaugmented and non-bioaugmented system, 
respectively. In comparison to the previous stage, 
the unchanged tendency was observed for nitrite 
nitrogen removal efficiency. Despite the influ-
ent concentration comparable to the first phase, 
an increased value of 0.11±0.02 mg/L was no-
ticed in the control reactor. For nitrate nitrogen, 
the average concentrations of 17.89±1.03 and 
20.16±4.87 mg/L in SBR A and SBR B were 
found, respectively. As previously, the pH value 
in both reactors was maintained at a stable level 
of pH 7.9. Moreover, in the bioaugmented SBR, 
the turbidity level was increased as compared to 
the non-bioaugmented one, but the difference was 
not statistically significant. The average values of 
2.56±0.67 and 2.11±0.9 NTU were observed in 
SBR A and SBR B, respectively. 

Decreasing the temperature by another 5°C 
has not affected the analyzed removal efficien-
cies significantly, as compared to the previous 
phases. However, regarding COD, NO2

- – N and 
NO3

- – N, lower concentrations were observed in 
the bioaugmented SBR than in the non-bioaug-
mented one (Fig. 3). It should be mentioned that 
the observed differences were of no statistical 
significance. However, at a temperature of 10°C, 
the monitored concentrations in the effluent were 
characterized by a major variance, increased stan-
dard deviation values were noticed as compared 
to the previous phases. As shown in Fig. 3 and 4, 
increases in the effluent concentrations of all ana-
lyzed parameters were noticed at the initial stage 
of this phase. After 10 days of the adaptation of 
microorganisms to new adverse conditions, the 
obtained results were comparable to the previous 
phases. Analogous observations were made in 
the study performed by Hwang and Oleszkiewicz 
[2007]. They indicated that prolonged adaptation 
time of the nitrifiers in the bioaugmented system 
to a low temperature could neglect the negative 
effect of this indicator. It should be mentioned 
that significant removal efficiencies have still 
been found in both systems in comparison to the 
prior stages. The reduction of the COD concen-
tration was established at 95% and 90% in SBR 
A and SBR B, respectively. Notably, a significant 
removal efficiency of approx. 98% was also main-
tained for NH4

+-N. As in the previous case, a sig-
nificant reduction of 97% was achieved in relation 
to the TSS, in both SBRs. However, regarding the 
COD concentration in the effluent, statistically 
lower results were observed in the bioaugmented 

system than in the non- bioaugmented one. In this 
phase, the average concentrations were 27.7±3.7 
and 41.4±4.0 mg/L in SBR A and SBR B, re-
spectively. Other average concentrations were at 
a comparable level in both reactors. In the bio-
augmented system, the following values were ob-
tained: 1.37±1.09, 0.12±0.04 and 22.4±3.4 mg/L 
for NH4

+-N, NO2
--N and NO3

--N, respectively. In 
turn, the values in the non-bioaugmented reactor 
were: 1.05±0.48, 0.13±0.04 and 22.9±4.7 mg/L 
for NH4

+-N, NO2
--N and NO3

--N, respectively. 
Considering the turbidity, the average values of 
2.27±0.74 and 2.04±0.8 NTU were found in SBR 
A and SBR B, respectively. 

In both cases, the adopted system allowed for 
the effective reduction of the monitored param-
eters. However, it should be mentioned that the 
reject water used in the present study was charac-
terized by lower concentrations of most parame-
ters than presented in the literature. Moreover, the 
relatively small contribution in the SBR inflow 
did not influence the process performance either. 
In the present study, the achieved removal effi-
ciencies were comparable to the results presented 
in literature. In the full scale reactors involving 
the Anammox process, the NH4

+-N removal ef-
ficiencies exceeding 90% were reported [Hauck 
et al., 2016]. In the study performed by Podstaw-
czyk et al. [2017] the membrane contactor system 
allowed for 98.9 ± 0.1% reduction in the NH4

+- N 
concentration. However, in these cases the reac-
tors were supplied only with the reject water. 

Furthermore, there was no significant influ-
ence of the bioaugmentation strategy on the SBR 
performance operated at a decreased temperature. 
The exception was the phase with the lowest tem-
perature; therein more favorable results for COD 
were obtained in the Archaea presence. In other 
cases, the decreased concentrations were found 
in the bioaugmented system; however, the dif-
ferences between systems were of no statistical 
significance. 

The different trend as obtained in the study 
presented by Cui et al. [2014]. In this case, the 
cold-adapted ammonia- and nitrite- oxidizing 
bacteria were applied for bioaugmentation to im-
prove the nitrification efficiency in the sequenc-
ing batch reactors operated at low temperature. 
Therein, the beneficial effect of this strategy on 
the removal efficiencies was noted. The average 
removal efficiency of NH4

+ -N in the bioaugmen-
tation system was about 88%, while in the non-
bioaugmented system, it reached about 82%. 
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Considering COD reduction, it reached 83.8 and 
85.8% in the bioaugmented and non-bioaug-
mented SBR, respectively. Another example of 
the implementation the bioaugmentation process 
in a reactor operating at low temperatures is the 
study performed by Figdore et al. [2018]. There-
in, the NDN-PAO granules from sidestream cen-
trate treatment were used for bioaugmentation. 
The authors concluded that bioaugmentation 
enhanced the nitrification process. In this case, 
the significant NH4

+-N removal efficiency of 95 
± 6% was observed. As in the present experi-
ment, in the research conducted by Polus and 
Anielak [2017], the Archaea domain was used 
for the SBR bioaugmentation. In the presence of 
the bioaugmented product, the improved remov-
al efficiency of nutrients was found. Therein, the 
total nitrogen reduction in bioaugmented reactor 
was 20% higher than in non-bioaugmented one. 
Though, it is worth noticing that many factors 
could diminish the effectives of bioaugmenta-
tion. The most important factors are: the strain 
used in system, dose of bioaugmented product, 
a sufficient acclimation time as well as process 
conditions such as flow treatment technology 
[Herrero and Stuckey, 2015]. Furthermore, in 
the present study, a short duration of individual 
phases might have contributed to obtaining mi-
nor differences between the bioaugmented and 
non- bioaugmented systems. 

CONCLUSIONS 

In the present study, the influence of bioaug-
mentation strategy on the co-treatment of reject 
water and municipal wastewater in SBR at a de-
creasing temperature was investigated. A mixture 
of wild-living bacteria and Archaea from Yellow-
stone National Park was used for bioaugmenta-
tion. The sudden temperature reduction did not 
adversely affect the process performance in the 
bioaugmented and non-bioaugmented systems. 
Significant removal efficiencies were achieved 
in both SBRs. Importantly, the major differences 
were observed for the COD parameter in the bio-
augmented reactor at a temperature of 10°C. In 
other cases, lower concentrations in the effluent 
were observed in the Archaea presence; however, 
the differences were of no statistical significance. 
Concluding, the adopted configuration of SBR al-
lowed for an effective and profitable technology 
for reject water treatment. 
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