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Abstract: The study presents the research results on the rejected water generated in dewatering
sludge stabilised in Autothermal Thermophilic Aerobic Digestion (ATAD) technology. The research
was carried out in three municipal wastewater treatment plants (WWTPs), with a capacity of 1500
to 3260 m® d~! and a sludge node capacity of 835 to 2000 kg DM d~!. The mean content of
Kjeldahl nitrogen (TKN) in the rejected water samples taken from each object ranged from 485 to
1573 mg N L1, ammonium nitrogen 318 to 736 mg N L1, and the average concentration of total
phosphorus ranged from 96 to 281 mg P L~!. The average content of organic matter expressed
as five-day biological oxygen demand (BODs) ranged from 205 to 730 mg O, L=, while chemical
oxygen demand (COD) ranged from 767 to 4884 mg O, L™!. The study determined the kinetics of
the biochemical decomposition of organic matter, assuming that it follows the first-order equation.
The average reaction rate constant k in subsequent treatment plants was estimated at 0.424, 0.513 and
0.782 d~1. The R? coefficient determining the model’s adjustment to empirical values was not lower
than 0.952. The organic matter biodegradability index average values ranged from 0.17 to 0.26.

Keywords: rejected water; autothermal thermophilic aerobic digestion; ATAD; dewatering; biodegra-
dation kinetics

1. Introduction

Wastewater treatment is always associated with the formation of sludge. Sediments
are mainly formed in the process of mechanical and biological treatment. Due to their
properties, they may pose a potential threat to the environment in the event of improper
management as they may contain, among others, heavy metals and pathogenic organisms.
Therefore, sludge treatment and disposal should always be considered as an integral part
of treatment of wastewater [1].

The methods of sludge treatment aim to change its properties so that it can be safely
disposed of or returned to the environment as fertiliser. It is dictated not only by formal,
legal, and economic but also by ecological considerations. Sewage sludge is a rich source of
organic matter and biogenic elements, and therefore it can be used for agricultural purposes,
fertilisation of soils and plants as a valuable source of nitrogen and phosphorus, compost
production, and the reclamation of degraded land. Proper sewage sludge management is
essential from the point of view of the circular economy and the depletion of non-renewable
resources of minerals from which phosphorus is obtained. Sewage sludge from domestic
sewage treatment plants is a rich source of this element. In 2020, a total of 989.5 thousand
tonnes of sludge from industrial and municipal wastewater treatment plants were generated
in Poland of which 160.4 thousand tonnes were used in agriculture, 26.5 thousand tonnes
for land reclamation, including land for agricultural purposes, and 30.5 thousand tonnes
for the cultivation of crops intended for the production of compost [2].

One of the methods of changing sewage sludge into biomass that can be used naturally
is Autothermal Thermophilic Aerobic Digestion (ATAD). The process ensures complete
stabilisation and sanitisation of the sludge and reduces its solid content [3,4]. It is an
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effective method that runs in a fully automated hermetic installation, does not require the
use of enrichment materials (unlike, for example, composting), and requires a small area
for the construction of the installation [5].

It may be applied in the wastewater treatment plants with population equivalent
(p-e.) up to 30,000 or flow capacity up to 20,000 m® d~! [5]. In general, stabilisation is
understood here as reduction of the organic matter or volatile solids (VS) concentration, and
pasteurization is understood as pathogen elimination via heat treatment [6]. The process is
carried out in well insulated reactors into which sludge containing high levels of organic
matter and pathogens is loaded. The sludge is mixed and aerated. The composition of the
process microflora differs from conventional activated sludge. It consists of 95% Bacillus,
Thermus or Acitiomycetes bacteria. Most strains belong to the Bacillus stearothermophilus
species, which are active at 40-80 °C [7]. The aerobic digestion process consists of two
steps: the direct oxidation of biodegradable matter and endogenous respiration, where
cellular material is oxidized [8]. During digestion, thermophiles release metabolic energy,
spontaneously raising the temperature of the reactor to the thermophilic range (45-65 °C).
These temperatures are lethal to pathogens, resulting in pasteurisation of the sludge [9].
In technological facilities, the process is usually carried out in two reactors working in
sequence, with a total sludge retention time of 5-9 days. The end-product of ATAD
is considered to be Class A Biosolids that can be applied on agricultural land without
restrictions [10]. The process can be carried out on a variety of waste sludge from human,
animal, food, or pharmaceutical waste [11] and is also suitable for treating organic liquid
waste (1-6% total solid content) [12].

Stabilized sludge, before further development, is subject to a dewatering process.
Dewatering facilitates the storage, transport and release of sludge into the environment.
Mechanical sludge dewatering produces effluent. This liquid may contain a high con-
centration of organic substances [13], nitrogen and phosphorus [14]. In most wastewater
treatment plants, effluent from sludge dewatering, stabilised with both aerobic and anaer-
obic methods, is directed to treatment together with raw sewage [15,16]. The increased
concentration of nutrients and organic substances in the effluent impacts wastewater treat-
ment technology [17]. While this problem can be solved in new treatment plants at the
design stage, modernising the sludge node by introducing the ATAD technology in the
existing treatment plant may cause operational problems due to increased nitrogen and
phosphorus loads reaching the biological node. Attempts to solve the problem of effluent
from sludge stabilisation (both aerobic and anaerobic) by using separate treatment systems
are the subject of many studies [17-20]. The main directions of management of effluent
from aerobically and anaerobically stabilised sludge include controlled discharge in the
mainstream of wastewater, chemical [21] and biological [22] treatment, and bicaugmen-
tation [23]. Due to the high concentration of ammoniacal nitrogen in the effluent, it may
be reasonable to use, among others, methods: SHARON (Single Reactor System for High
Ammonia Removal Over Nitrite process) [24] and ANAMMOX (Anaerobic Ammonium
Oxidation) [25-27]. However, using these methods may be economically unjustified in
small-scale treatment plants [13]. As an alternative to biological methods, Huang et al. [28]
suggest that chemical precipitation may prove economically viable to remove ammoniacal
nitrogen and phosphorus from supernatants after anaerobic digestion.

As described above, water rejected from the dewatered sludge after the ATAD process
can cause problems with efficiency wastewater treatment, particularly in facilities where
ATAD digestion has been introduced in place of simple sludge hygienisation methods.
While the characteristics of rejected water from the anaerobic sludge digestion are widely
discussed in the literature, there are fewer studies on rejected waters in the ATAD process.

In this study, the biodegradability (biodegradability index BI—BODs5/COD ratio) and
the kinetics of the biochemical decomposition of the organic matter contained in the effluent
from dewatering sludge stabilised in the ATAD process was determined. The research was
carried out in three wastewater treatment plants, during operation under typical conditions.
Samples were taken from the locations numbered 2-rejected water from dewatering on the
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process flow diagrams. In addition, the article presents the basic characteristics of these
wastewaters, i.e., the concentration of nitrogen and phosphorus and their loads entering

the biological node with the

2. Materials and Methods

raw wastewater.

2.1. Characteristics of Analysed Wastewater Treatment Plants (WWTPs)

The sewage treatment plants discussed in the study are located in north-eastern
Poland, in Pisz, Dabrowa Biatostocka and Wysokie Mazowieckie. These are municipal
wastewater treatment plants and are typical facilities in Polish conditions, except for the
use of Autothermal Thermophilic Aerobic Digestion (ATAD). Figures 1-3 show simplified
process flow diagrams of the considered treatment plants.
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Figure 3. Simplified process flow diagram of WWTP3.

2.1.1. Pisz (WWTP1)

The sewage treatment plant receives municipal wastewater from the city of Pisz
(approximately 19,400 inhabitants) and the surrounding sewerage of villages. The de-
signed capacity of the sewage treatment plant is 3500 m3 d~!, and the capacity of the
sludge node—2000 kg DM d~'. A compact device is used in the mechanical wastew-
ater treatment unit: fine screen a grit trap. Biological treatment is carried out using
low-loaded activated sludge in A2/0O technology (anaerobic chamber—dephosphatation;
anoxic chamber—denitrification; aeration chamber—nitrification) with chemical phospho-
rus precipitation. Excess sludge separated in secondary settling tanks is subjected to gravity
and mechanical thickening (up to 5% DM) and then stabilised in the ATAD technology.
Stabilisation takes place in two reactors operating in series. The total time to retain the
sludge is 6 days. In the second chamber, the minimum temperature is 60 °C. The waste
gas generated in the process is cleaned in a water scrubber and then deodorised in an
installation that uses photo-catalytic oxidation. The stabilised sludge is dewatered in a belt
press. The dry matter content in the dewatered sludge is 14-18% on average. The effluents
from the sludge processing are directed together with the raw sewage to the beginning of
the technological system.

2.1.2. Dabrowa Biatostocka (WWTP2)

The municipal treatment plant has been operating since 2006, and the designed ca-
pacity is 1500 m® d~!. The main technological facilities of the wastewater treatment plant
include the mechanical and biological wastewater treatment node and the sludge node.
In the mechanical treatment node, a compact unit consisting of a fine screen and a grit
trap is used. Mechanically treated wastewater is directed to two SBR reactors operating in
parallel, with a phase shift. Biological wastewater treatment takes place in reactors using
the low-loaded activated sludge method. In 2006, the technology of processing aerobically
stabilised activated sludge in SBR reactors was based on mechanical dewatering and lime
sanitisation. In 2013, the facility was modernised, and an ATAD installation was built. The
first stage of sludge treatment is the mechanical thickening to 4% of dry matter with a cen-
trifuge. Stabilisation is carried out in two chambers ATAD working in serial arrangement.
The total time of keeping the sludge in the chambers is 6 days, and the temperature in
the second chamber is 55-60 °C. After stabilisation, the sludge is dewatered in a decanter
centrifuge to approximately 18-20% dry matter. The rejected water from sludge dewatering
is treated together with the raw sewage. In the ATAD process, in addition to the excess
sludge, delivered sludge from pre-treatment dairy sewage is also stabilised. The total
capacity of the sludge node is 1200 kg DM d .
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2.1.3. Wysokie Mazowieckie (WWTP3)

The sewage treatment plant in Wysokie Mazowieckie has been in use since 2016. The
designed capacity is 1344 m® d~!. The technological process includes mechanical wastew-
ater treatment, biological treatment in the SBR technology with chemical phosphorus
precipitation and sludge stabilisation in the ATAD technology. For mechanical treatment,
a compact device is used—a fine screen and a grit trap. The biological stage of wastew-
ater treatment is carried out in two parallel SBR reactors. The technology of low-loaded
activated sludge is used. The excess sludge formed in biological treatment is collected
in a gravity thickener, where the hydration is reduced to approximately 98.5-98%. Then,
the sludge is mechanically thickened in a decanter centrifuge to a dry matter content of
approximately 5%. Due to the low temperatures of non-stabilised sludge occurring during
winter, the technological system enables heat recovery from the sludge after stabilising to
obtain the proper sanitisation temperature and stable operation of ATAD reactors. Stabili-
sation takes place in a system of two reactors operating in serial arrangement. The sludge
from the first chamber is batch sent to the second chamber after an aliquot of the stabilised
sludge has been removed from the second reactor. The process is carried out so that the
temperature in the second reactor exceeds 56 °C, and the holding time is 6 days. After
cooling, the stabilised sludge is mechanically dewatered on a screw press to a dry matter
content of 18-27% (average 22%). The effluents from the stabilised sludge dewatering are
directed to the biological treatment system with a raw sewage. The capacity of the sludge
node is 835 kg DM d 1.

2.2. Analytical Methods

The study of effluent from mechanical sludge dewatering after the ATAD process
was carried out in 2016-2021. In each treatment plant, 8 to 10 samples were collected
in that period. The pH and EC were determined in situ using Hach’s HQ40D digital
multi-parameter meter. The remaining determinations were made in laboratory conditions.
Until delivery to the laboratory, the samples were stored at approximately 4 °C. Analytik
Jena TOC multi NC2100 analyser was used to measure TOC. Colourimetric methods
determined the following: COD—after digestion of 2 h (a K;Cr,O; method, 620 nm);
NH;4-N: salicylate method (655 nm); TP: molybdovanadate with acid persulphate digestion
method (420 nm). Total phosphorus was tested by mineralising the sample in persulphuric
acid, then determined by the molybdovanadate method. Hach DR3900 and DR1900
spectrophotometers were used for colourimetric determinations. TKN determinations were
made after the sample mineralisation with sulphuric acid in the presence of a catalyst
(K2SOy4, TiO,, CuSOy). The mineralised sample was steam distilled to a boric acid solution
and then titrated with sulphuric acid, using the potentiometric method, to pH 4.65. The
determinations were made of the Buchi KjelDigester K-446 mineraliser, the KjelMaster K-
355 distiller and the SI ANALYTICS GmbH TitroLine EASY titrator. Ions were determined
using a Thermo Scientific ICS 5000+ ion chromatograph. BOD determinations were carried
out using the manometric method. The OxiTop system, WTW, was used with an OC110
controller for custom BOD measurements. Oxygen consumption was measured at 20 °C.
To eliminate oxygen consumption in the nitrification process, a nitrification inhibitor was
added to the samples: TCMP—2-chloro-6-(trichloromethyl)-pyridine (N-Serve) solution in
an amount appropriate to obtain a concentration of 1.5 mg L ! in the sample. Measurements
of oxygen consumption were recorded at 100-min intervals for 5 days.

2.3. Calculations

The rate of biochemical decomposition of organic matter was estimated assuming that
the mineralisation reaction follows the differential equation of first-order physicochemical

reactions:
d[BOD]

dt

= k[BOD] 1)

where
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[BOD]—content of an organic matter undergoing biochemical degradation, expressed as
biochemical oxygen demand, mg O, L1

t—reaction time, d

k—reaction rate constant, d-1

After integrating Equation (1), we get:

[BOD], &
[BOD]; =™ @

where

[BOD]p—content of the organic substance undergoing biochemical decomposition in the
initial incubation time, total BOD,

[BOD]—content of remaining organic matter undergoing biochemical decomposition over
time £.

Under this assumption, the process of oxygen consumption for the biochemical de-
composition of organic matter (X) can be written by the equation:

X; = [BOD]y (1™ ©)

where

Xi—oxygen consumption in the process of biochemical decomposition of organic matter
over time t, mg O, L1,

The empirical values of oxygen consumption, measured every 100 min for 5 days (x;), are:
x; = [BOD], — [BOD), @

The reaction rate constants k were determined using a linear estimation, the method
of least squares and successive approximations.
The equation of a straight line has the form:

y=>bx—+a (5)

where according to the regression line equation:

Y XY —-NXY
_LXY-NXY ©)
Y X2 - N-X
thatis: b = X;Y _E.Y ()
X2 _X2
a=Y-b0X (8)
where
Y—dependent variable,
X—predictor,
N—number of observations,
value—arithmetical mean of the value.
After logarithmisation of the Equation (2) we get:
In[BOD], = In [BOD], — k t 9)

Referring to Equations (5) and (9): dependent variable y = In[BOD];, predictor x = ¢
(time), b = —k, a = In[BOD].
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From Formula (7) we get:

—k

_t-In[BOD], — - In[BOD],

(10)
2 (1)’

and from Formula (8):
In [BOD], = In [BOD], + k t (11)

Due to the unknown value of BOD,), the calculations were made using the method
of successive approximations, assuming successive BOD4 values (as expected values of
BODy) higher than the BOD5 reading, until the ratio of assumed BOD 4 to BODj calculated
from Equation (2) equal to 1.00 was obtained. The calculations were made using the Solver
tool in the spreadsheet.

3. Results and Discussion

The basic parameters of effluent from the dewatering of sludge stabilised in the ATAD
technology obtained as a result of the conducted research are presented in Tables 1-3. In
WWTP1 and WWTP2, the sludge is dewatered using decanter centrifuges. WWTP3 uses
a screw press. Clearly, higher indicators related to the organic substance, N-NHs* and
TKN, were observed in WWTP3, while the lowest concentration of COD, BOD, TP and
PO4>~ in WWTP2. The differences may result from discrepancies in the composition of
the stabilised sludge (WWTP2 is sludge from dairy wastewater treatment) and sludge
dewatering technology (in WWTP3, sludge is dewatered on a screw press to an average
dry matter content of 22%). According to the research carried out by Borowski [29], the
concentration of ammoniacal nitrogen in the supernatant after the ATAD process ranges
from 290 to 715 mg N L~! and total nitrogen from 975 to 1568 mg N L~!. The total
phosphorus content ranged from 217 to 327 mg P L~!. A similar range of ammoniacal
nitrogen concentration was obtained in the analysed treatment plants. Total phosphorus
concentrations were lower, as were total nitrogen concentrations in WWTP1 and WWTP2.

In dairy sewage treatment plants, where the sludge is aerobically stabilised, the rejected
water from the sludge dewatering is characterised by a lower content of nitrogen, phos-
phorus and organic matter and is on average N-NH;* 26.0 mg N L~!, TKN 39.2 mg N L1,
TP 8.6 mg P L1, COD 235 mg O, L1, BOD5 132 mg O, L~! [10]. The effluents from
sludge dewatering after anaerobic digestion (AD) are characterised by the concentration of
ammoniacal nitrogen from 400 to 1500 mg N L~! and a low COD value [30].

Table 1. The characteristics of rejected water from ATAD process (n = 8), WWTP 1.

COD BODs TKN N-NH4* N-NO3~ TP P-PO43~

mg O, L1 mg O, L1 mg N L-1 mg N L1 mg N L-1 mgP L1 mgPL-1
Mean 1424 251 485 318 1.20 202 168
Minimum 473 135 290 144 0.18 130 74
Maximum 2868 467 1033 811 2.52 420 390
Std. dev. 688 105 242 214 0.79 90 91

Table 2. The characteristics of rejected water from ATAD process (n = 8), WWTP 2.

COD BODs TKN N-NH* N-NO3~ TP P-PO43~

mg O, L1 mg O, L1 mgNL-1 mg N L1 mgNL-1 mgP L1 mgPL-1
Mean 767 205 581 321 1.85 96 72
Minimum 219 35 183 114 0.18 50 19
Maximum 1840 449 1157 648 4.86 146 126
Std. dev. 530 154 324 184 1.83 39 39
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Table 3. The characteristics of rejected water from ATAD process (n = 10), WWTP 3.

CcoD BODs TKN N-NH4* N-NO3~ TP P-PO,3~

mg O, L1 mg O, L1 mgN L1 mgNL-1 mgN L1 mgPL-1 mgP L1
Mean 4884 730 1573 736 1.72 281 172
Minimum 2064 288 887 351 0.14 142 49
Maximum 8040 2061 3140 1541 8.65 484 254
Std. dev. 2419 603 667 359 2.65 105 54

When considering nitrogen, phosphorus and organic matter loads returning to the
main wastewater stream, the volume of rejected water generated should be determined.
In all the described sewage treatment plants, due to the processing of excess sludge,
supernatant from gravity thickening, effluent from mechanical thickening, dewatering of
stabilised sludge and sewage from the off-gas treatment unit (scrubber) are introduced into
the main sewage stream. In the 40 studied sewage treatment plants in Poland, where the
anaerobic stabilisation technology is used, the rejected water amount may reach 2.7-7% [31].
In the treatment plants analysed in this study, the share of rejected water volume in the
volume of raw sewage was higher. The discussed values are summarised in Table 4.

Table 4. Quantity of the rejected water in main stream of sewage (design values).

WWTP1 WWTP2 WWTP3
sewage flow, m® d~! 3260 1500 1573
sewage sludge mass, kg d.m. d~! 2000 1200 * 835
rejected water, %

gravity thickening 3.1 4.0 3.1
mechanical thickening 1.8 2.4 1.9
mechanical dewatering 1.0 14 1.1
off-gas treatment 2.9 4.8 2.9
TOTAL, % 8.8 12.6 9.0

* biological sludge from pretreatment of wastewater from the dairy industry is delivered to the treatment plant.

Effluents from the dewatering of sludge stabilised in the ATAD technology in WWTP1
—WWTP3 treatment plants contribute significant nitrogen and phosphorus loads to the
main wastewater stream. The TKN load ranged from approximately 6 to 17%, and TP from
approx. 8 to 14%. Higher values were observed in the treatment plant, where a screw press
(WWTP3) was used. The source of nutrients in the supernatant liquid is the mineralisation
process of the organic substance in the stabilised sludge. Bartkowska [32] states that the
loss of dry matter in two-stage ATAD systems due to mineralisation exceeds 38%. The
effluents” organic matter content depends on the dewatering unit’s efficiency. The values
of the BODs load recycled to the main sewage stream accounted for from 0.5 to 1.6% of
the load in raw sewage. In the case of a sludge dewatering in decanter centrifuges, COD
in the effluent accounted for 1.2 to 1.5% of the raw sewage load, while the effluent from
the screw press (WWTP3) contained more, and the effluent load accounted for 7.1% of
the COD load flowing into the raw sewage treatment plant. Janus and van der Roest [17]
suggest that the nitrogen load from the sludge digestion side stream contains up to 25% of
the total nitrogen load while contributing only 2% of the total flow to a treatment plant.
This additional stream increases loading to the mainstream process, resulting in larger
bioreactors, increased energy expenditure and a potentially decreased effluent quality.

Based on the BODs and COD tests, the biodegradability index (BI) values were deter-
mined. The basic statistics of Bl are presented in Table 5. The obtained values are lower
than the typical values in raw sewage, which averaged 0.47 [33]. Bl in raw sewage flowing
to the studied sewage treatment plants ranged from 0.47 to 0.75. A more comprehensive
range of the index values (0.3-0.96) was obtained by Abdallaa and Hammam when investi-
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gating wastewater treatment plants in Egypt [34]. Low index values in effluent from sludge
dewatering indicate their low susceptibility to biological treatment, which is justified for
BI > 0.5 [35,36]

Table 5. Basic statistic of Biodegradability Index.

WWTP 1 WWTP 2 WWTP 3
Mean 0.26 0.20 0.17
Minimum 0.08 0.09 0.14
Maximum 0.63 0.36 0.27
Std. dev. 0.21 0.09 0.06

The kinetics of the biochemical decomposition of organic matter was determined,
assuming that it follows the first-order equation. A similar assumption was made in early
works on the dynamic modelling of wastewater treatment processes [37]. Later models
developed included increasing state variables and process descriptions based on widely
accepted Monod-type kinetics [38,39]. The reaction rate constants were determined for
8 to 10 measurements of oxygen consumption in samples incubated under laboratory
conditions taken from each treatment plant. According to Pahlavanzadeh et al. [40], higher
constant values indicate a higher rate of biochemical decomposition of organic matter.
Based on the adopted assumptions, it was possible to obtain a high value of R?, a measure
of the model fit to the empirical values obtained as a result of the research. The value of
R? ranged from 0.952 to 0.995 in WWTP1, 0.953 to 0.981 in WWTP2 and 0.952 to 0.990 in
WWTP3. Figures 4-9 show the empirical and calculated oxygen consumption values for
the biochemical mineralisation of organic matter. Selected effluent samples, i.e., with the
highest and the lowest R? values, in each treatment plant were presented.
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Figure 4. Value of biochemical oxygen consumption in rejected water, WWTP 1, sample 1.
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The mean values and the error and standard deviation of the reaction rate constants

for all tested samples are presented in Figure 10.
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Figure 10. Differentiation of biodegradation rates k in analysed samples.
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The mean values of the reaction rate constant in WWTP1 and WWTP3 were similar and
amounted to 0.424 and 0.513 d !, respectively. Higher values were observed in WWTP2,
and the mean was 0.782 d~!. The biologically degradable substance in WWTP2 effluent
was mineralised faster than WWTP1 and WWTP3. It is probably due to different properties
of the stabilised sludge—in WWTP2, apart from excess sludge, sludge brought from dairy
sewage pre-treatment is stabilised. The values of the constant k of the first-order reaction in
domestic wastewater range from 0.1 to 0.6 d-1[41]. According to Sun and Saeed [42], the
k of the kinetics of the reaction of reducing the BOD5 value in the wastewater treated on
vertical reed beds was 0.0964 d!.

Knowledge of the characteristics of rejected water should form the basis for assessing
whether the introduction of ATAD technology into existing treatment plants will result in
the malfunction of the biological reactors, as well as the possible design of economically
viable separate treatment methods. This is particularly important for facilities below
30,000 p.e. using SBR technology.

4. Conclusions

The volume of the liquid generated in the dehydration process did not exceed 1.4%
of the average daily sewage inflow. The TKN load from the leachate returned to the bi-
ological process node concerning the load in raw sewage in the studied objects ranged
from approximately 6 to 17%, and in the case of total phosphorus: 8% to 14%. The organic
matter in the sludge-dehydrating effluent was not susceptible to further biodegradation.
The BI factor (BODs5/COD) ranged from 0.17 to 0.26 on average. The rate of biochemical
decomposition of organic matter (expressed as BODs) contained in the leachate can be
described by the first-order kinetic equation. The oxygen consumption rate for the min-
eralisation of biodegradable organic matter does not differ from the values observed in
typical domestic wastewater. The reaction rate constant k ranged from 0.214 to 1.081, and
the mean values for the tested objects were estimated at 0.424 (WWTP1), 0.782 (WWTP2)
and 0.513 (WWTP3).

Funding: The research was carried out under project number WZ/WB-IIS/03 /2022 at the Bialystok
University of Technology. It was funded by a research subvention provided by the Ministry of
Education and Science.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Fytili, D.; Zabaniotou, A. Utilization of sewage sludge in EU application of old and new methods—A review. Renew. Sustain.
Energy Rev. 2008, 12, 116-140. [CrossRef]

2. Statistics Poland, Spatial and Environmental Surveys Department. Environment 2021; Statistics Poland: Warsaw, Poland, 2021;
pp. 68-71. (In Polish)

3.  Bartkowska, I; Dzienis, L. Utilization of Sewage Sludge after the Process of Autothermal Digestion. J. Ecol. Eng. 2019, 20, 44-49.
[CrossRef]

4. Poblete, IB.S.; Araujo, O.d.Q.E; de Medeiros, J.L. Sewage-Water Treatment and Sewage-Sludge Management with Power
Production as Bioenergy with Carbon Capture System: A Review. Processes 2022, 10, 788. [CrossRef]

5. Bartkowska, I.; Dzienis, L. Technical and economic aspects of autothermal thermophilic aerobic digestion exemplified by sewage
treatment plant in Gizycko. Environ. Prot. Eng. 2007, 33, 17-24.

6. Rojas, ]J.; Zhelev, T. Energy efficiency optimisation of wastewater treatment: Study of ATAD. Comput. Chem. Eng. 2012, 38, 52-63.
[CrossRef]

7.  Bartkowska, I. Autothermal Thermophilic Aerobic Digestion; Wydawnictwo Seidel-Przywecki Sp. z 0.0.: Warsaw, Poland, 2017.

(In Polish)


http://doi.org/10.1016/j.rser.2006.05.014
http://doi.org/10.12911/22998993/110840
http://doi.org/10.3390/pr10040788
http://doi.org/10.1016/j.compchemeng.2011.11.016

Energies 2023, 16, 203 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Zupancic, G.D.; Ros, M. Thermophilic aerobic digestion of waste activated sludge. Acta Chim. Slov. 2002, 49, 931-943.

Piterina, A.V.; Bartlett, J.; Pembroke, T.J. Evaluation of the Removal of Indicator Bacteria from Domestic Sludge Processed by
Autothermal Thermophilic Aerobic Digestion (ATAD). Int. ]. Environ. Res. Public Health 2010, 7, 3422-3441. [CrossRef]

USEPA 40 CFR PART 503; Standards for the Use or Disposal of Sewage Sludge. United States Environmental Protection Agency,
Office of Research and Development: Washington, DC, USA, 1993.

Pembroke, J.T.; Ryan, M.P. Autothermal Thermophilic Aerobic Digestion (ATAD) for Heat, Gas, and Production of a Class A
Biosolids with Fertilizer Potential. Microorganisms 2019, 7, 215. [CrossRef]

Zhang, M.; Tashiro, Y.; Ishida, N.; Sakai, K. Application of autothermal thermophilic aerobic digestion as a sustainable recycling
process of organic liquid waste: Recent advances and prospects. Sci. Total Environ. 2022, 828, 154187. [CrossRef]

Dabrowski, W.; Malinowski, P.; Karolinczak, B. Application of SS-VF Bed for the Treatment of High Concentrated Reject Water
from Autothermal Termophilic Aerobic Sewage Sludge Digestion. . Ecol. Eng. 2018, 19, 103-110. [CrossRef]

Eskicioglu, C.; Galvagno, G.; Cimon, C. Approaches and processes for ammonia removal from side-streams of municipal effluent
treatment plants. Bioresour. Technol. 2018, 268, 797-810. [CrossRef] [PubMed]

Morras, M.; Dosta, J.; Garcia-Heras, J.L. Aerobic/anoxic post-treatment of anaerobically digested sewage sludge as an alternative
to biological nitrogen removal from reject water. Bioprocess Biosyst. Eng. 2015, 38, 823-831. [CrossRef] [PubMed]

Bartkowska, I.; Wawrentowicz, D.; Dzienis, L. Analysis of aerobic and anaerobic sewage sludge disposal concepts. Ekon. Sr. 2022,
2,203-221. [CrossRef]

Janus, H.M.; van der Roest, H.F. Do not reject the idea of treating reject water. Water Sci. Technol. 1997, 35, 27-34. [CrossRef]
Dabrowski, W.; Karolinczak, B.; Gajewska, M.; Wojciechowska, E. Application of subsurface vertical flow constructed wetlands to
reject water treatment in dairy wastewater treatment plant. Environ. Technol. 2017, 38, 175-182. [CrossRef]

Kim, I.-T;; Lee, Y.-E.; Jeong, Y.; Yoo, Y.-S. A novel method to remove nitrogen from reject water in wastewater treatment plants
using a methane- and methanol-dependent bacterial consortium. Water Res. 2020, 172, 115512. [CrossRef]

Podstawczyk, D.; Witek-Krowiak, A.; Dawiec-Lisniewska, A.; Chrobot, P; Skrzypczak, D. Removal of ammonium and orthophos-
phates from reject water generated during dewatering of digested sewage sludge in municipal wastewater treatment plant using
adsorption and membrane contactor system. J. Clean. Prod. 2017, 161, 277-287. [CrossRef]

Tuszynska, A.; Czerwionka, K. Nutrient recovery from deammonification effluent in a pilot study using two-step reject water
treatment technology. Water Resour. Ind. 2021, 25, 100148. [CrossRef]

Radechovska, H.; Svehla, P.; Radechovsky, J.; Pacek, L.; Bali, J. High-performance system for partial nitritation of reject water
resistant to temperature fluctuation. Chem. Pap. 2017, 71, 1657-1668. [CrossRef]

Szaja, A.; Lagod, G.; Drewnowski, J.; Sabba, F. Bioaugmentation of a Sequencing Batch Reactor with Archaea for the Treatment of
Reject Water. . Water Chem. 2016, 38, 238-243. [CrossRef]

Gali, A.; Dosta, J.; van Loosdrecht, M.C.M.; Mata-Alvarez, ]. Two ways to achieve an anammox influent from real reject water
treatment at lab-scale: Partial SBR nitrification and SHARON process. Process Biochem. 2007, 42, 715-720. [CrossRef]

Zekker, I.; Rikmann, E.; Tenno, T.; Lemmiksoo, V.; Menert, A.; Loorits, L.; Vabamée, P.; Tomingas, M.; Tenno, T. Anammox
enrichment from reject water on blank biofilm carriers and carriers containing nitrifying biomass: Operation of two moving bed
biofilm reactors (MBBR). Biodegradation 2012, 23, 547-560. [CrossRef]

Quan, L.M.; Khanh, D.P; Hira, D.; Fujii, T.; Furukawa, K. Reject water treatment by improvement of whole cel anammox
entrapment using polyvinyl alcohol/alginate gel. Biodegradation 2011, 22, 1155-1167. [CrossRef]

Wang, G.; Dai, X.; Zhao, S.; Zhang, D. Research on Ammonia Removal from Reject Water Produced from Anaerobic Digestion of
Thermally Hydrolyzed Sludge Through Partial Nitrification—Anammox. Water Air Soil Pollut. 2022, 233, 106. [CrossRef]
Huang, H.; Liu, J.; Ding, L. Recovery of phosphate and ammonia nitrogen from the anaerobic digestion supernatant of activated
sludge by chemical precipitation. J. Clean. Prod. 2015, 102, 437-446. [CrossRef]

Borowski, S. Aerobic thermophilic sewage sludge stabilization. Ochr. Srodowiska 2000, 4, 21-25. (In Polish)

Liebig, T.; Wagner, M.; Bjerrum, L.; Denecke, M. Nitrification performance and nitrifier community composition of a chemostat
and a membrane-assisted bioreactor for the nitrification of sludge reject water. Bioprocess Biosyst. Eng. 2001, 24, 203-210.
[CrossRef]

Ryziniska, J. Problems of reject water and possibility of its treatment in Poland. Gaz Woda Tech. Sanit. 2006, 7-8, 58-62. (In Polish)
Bartkowska, I. Drop in dry mass and organic substance content in the process of autothermal thermophilic aerobic digestion.
Process Saf. Environ. Prot. 2015, 98, 170-175. [CrossRef]

Henze, M.; van Loosdrecht, M.C.; Ekama, G.A.; Brdjanovic, D. Biological Wastewater Treatment; IWA publishing: London, UK, 2008.
[CrossRef]

Abdallaa, K.Z.; Hammam, G. Correlation between Biochemical Oxygen Demand and Chemical Oxygen Demand for Various
Wastewater Treatment Plants in Egypt to Obtain the Biodegradability Indices. Int. ]. Sci. Basic Appl. Res. 2014, 13, 42-48.
Al-Sulaiman, A.M.; Khudair, B.H. Correlation between BOD5 and COD for Al-Diwaniyah wastewater treatment plants to obtain
the biodigrability indices. Pak. J. Biotechnol. 2018, 15, 423-427.

Shokoohi, R.; Asgari, G.; Leili, M. Modelling of moving bed biofilm reactor (MBBR) efficiency on hospital wastewater (HW)
treatment: A comprehensive analysis on BOD and COD removal. Int. J. Environ. Sci. Technol. 2017, 14, 841-852. [CrossRef]
McKinney, R.E. Mathematics of complete mixing activated sludge. J. Sanit. Eng. ASCE 1962, 88, 87-113. [CrossRef]


http://doi.org/10.3390/ijerph7093422
http://doi.org/10.3390/microorganisms7080215
http://doi.org/10.1016/j.scitotenv.2022.154187
http://doi.org/10.12911/22998993/89663
http://doi.org/10.1016/j.biortech.2018.07.020
http://www.ncbi.nlm.nih.gov/pubmed/30017364
http://doi.org/10.1007/s00449-014-1325-z
http://www.ncbi.nlm.nih.gov/pubmed/25407727
http://doi.org/10.34659/eis.2022.81.2.451
http://doi.org/10.2166/wst.1997.0351
http://doi.org/10.1080/09593330.2016.1262459
http://doi.org/10.1016/j.watres.2020.115512
http://doi.org/10.1016/j.jclepro.2017.05.105
http://doi.org/10.1016/j.wri.2021.100148
http://doi.org/10.1007/s11696-017-0156-1
http://doi.org/10.3103/S1063455X16040093
http://doi.org/10.1016/j.procbio.2006.12.002
http://doi.org/10.1007/s10532-011-9532-7
http://doi.org/10.1007/s10532-011-9471-3
http://doi.org/10.1007/s11270-022-05504-0
http://doi.org/10.1016/j.jclepro.2015.04.117
http://doi.org/10.1007/s004490100234
http://doi.org/10.1016/j.psep.2015.07.003
http://doi.org/10.2166/9781780401867
http://doi.org/10.1007/s13762-017-1255-9
http://doi.org/10.1061/JSEDAI.0000389

Energies 2023, 16, 203 14 of 14

38.

39.

40.

41.
42.

Fenu, A.; Guglielmi, G.; Jimenez, ].; Sperandio, M.; Saroj, D.; Lesjean, B.; Brepols, C.; Thoeye, C.; Nopens, I. Activated sludge
model (ASM) based modelling of membrane bioreactor (MBR) processes: A critical review with special regard to MBR specificities.
Water Res. 2010, 44, 4272-4294. [CrossRef] [PubMed]

Mitchell, C.; McNevin, D. Alternative analysis of bod removal in subsurface flow constructed wetlands employing monod
kinetics. Wat. Res. 2001, 35, 1295-1303. [CrossRef] [PubMed]

Pahlavanzadeh, S.; Benis, K.Z.; Shakerkhatibi, M.; Jashni, A.K.; Beydokhti, N.T.; Kordkandi, S.A. Performance and kinetic
modeling of an aerated submerged fixed-film bioreactor for BOD and nitrogen removal from municipal wastewater. J. Environ.
Chem. Eng. 2018, 6, 6154-6164. [CrossRef]

Thomann, R. Systems Analysis and Water Quality Management; McGraw Hill: New York, NY, USA, 1974.

Sun, G.; Saeed, T. Kinetic modelling of organic matter removal in 80 horizontal flow reed beds for domestic sewage treatment.
Process Biochem. 2009, 44, 717-722. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.watres.2010.06.007
http://www.ncbi.nlm.nih.gov/pubmed/20619870
http://doi.org/10.1016/S0043-1354(00)00373-0
http://www.ncbi.nlm.nih.gov/pubmed/11268849
http://doi.org/10.1016/j.jece.2018.09.045
http://doi.org/10.1016/j.procbio.2009.03.003

	Introduction 
	Materials and Methods 
	Characteristics of Analysed Wastewater Treatment Plants (WWTPs) 
	Pisz (WWTP1) 
	Dąbrowa Białostocka (WWTP2) 
	Wysokie Mazowieckie (WWTP3) 

	Analytical Methods 
	Calculations 

	Results and Discussion 
	Conclusions 
	References

