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����������
�������

Citation: Kwarciak-Kozłowska, A.;
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Abstract: The growing production of coke and, consequently, coke wastewater is a significant
problem for the environment. Coke wastewater, because it contains high amounts of toxic substances,
is classified as an extremely hazardous industrial wastewater. The treatment of such wastewater
requires a combination of advanced physicochemical and biological methods. The aim of the
research was to investigate the effectiveness of the application of the ultrasonic disintegration of
coke wastewater in a sequencing batch reactor (SBR). The tests were conducted in two stages,
wherein the first stage involved determining the most favorable sonication conditions, that is, time
and amplitude. The authors used the following amplitudes: 31 µm; 61.5 µm; 92 µm; 123 µm and
times: 120 s; 240 s; 480 s; 960 s. The second stage focused on treating coke wastewater in SBRs
(Reactor A—a proportion of coke wastewater in the mixture: 5%, 10%, and 20%; reactor B—sonicated
coke wastewater, proportion in mixture: 5%, 10%, 20%). The efficiency of the treatment process
was determined based on the rate of removal of selected parameters: chemical oxygen demand
(COD), total organic carbon (TOC), inorganic carbon (IC), ammoniacal nitrogen (N-NH4), total
nitrogen (TN), the course of pH changes. The study revealed that sonication of coke wastewater
increased biodegradability and reduced its toxicity. The use of the preliminary sonication of coke
wastewater before biological treatment improved the degree of removal of the tested parameters by
approximately 10%. The volumetric ratio of coke wastewater in the mixture had the greatest impact
on the obtained results. The use of an ultrasound field allows the treatment process to be executed
with a coke wastewater addition exceeding 10%. In addition, it was found that in order to increase
the coke wastewater treatment efficiency, one should optimize individual phases in the SBR and the
pollution load.

Keywords: coke wastewater; disintegration; sonication; SBR; aerobic process

1. Introduction

The production of coke is growing year by year. According to the forecast for 2021,
global production will exceed 900,000 Mg per year. Most of the coking plants are located
in Asia, while around 10% of global production comes from the European Union. Per
every Mg of coke, 0.6 to 1.6 m3 of wastewater is generated. This means that approximately
144 × 107 m3 of coke wastewater is produced annually in coking plants around the world,
and this is set to increase. The removal of pollutants from coke oven wastewaters is a
significant issue due to the environmental impact of these compounds. The technological
cycle of coke oven wastewater treatment is based on the conventional arrangement, i.e., the
physical separation of larger solids by means of grids and/or grates, chemical coagulation
for the removal of suspensions, and the precipitation of inorganic contaminants and
biological nitrification/denitrification systems for the elimination of ammonia and soluble
(DOC) organics. The purified wastewater, after the treatment process, can be used in wet
coke quenching or disposed of in the environment [1–4].

The wastewater generated in the coking industry is classified as an extremely haz-
ardous industrial wastewater. It contains a number of organic and inorganic substances,
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such as oils and tars (100–240 g/m3), slurries (200–330 g/m3), free and fixed ammonia
(980–6500 g/m3), volatile and non-volatile phenols (260–3000 g/m3), thiosulphates, hydro-
gen sulfide, and highly toxic substances such as cyanides (approx. 50 g/m3) and rhodonites
(approx. 200 g/m3) [5–9]. The average wastewater volume varies from 0.15 to 0.35 m3/t
carbon. The application of conventional treatment methods, based on the activated sludge
technology, is not always efficient, due to, among other factors, the significant variability
in coke wastewater composition, depending on the type of coal and the coal processing
technology used [10–13]. Therefore, in order to ensure the appropriate treatment outcome,
it is very important to use (besides the biological activated sludge method) supporting and
supplementing physicochemical processes responsible for the preliminary decomposition
of these toxic and non-biodegradable organic compounds. According to the source liter-
ature, the application of a sequencing batch reactor (SBR) for the treatment of industrial
wastewater, including coke-derived, is promising, since it enables matching the reactor
operation cycle to the variable production of industrial wastewater in technological fa-
cilities and the removal of organic and nitrogen compounds [14–16]. Furthermore, in
order to effectively intensify the treatment process, it is recommended to apply substrate
disintegration methods. Numerous disintegration methods are used in practice, with the
purpose of changing the chemical and physical structure of the substrate and conducting
initial hydrolysis. Preliminary processing of coke wastewater seems a necessity due to its
high toxicity [17–19].

Although many years have passed since the first use of ultrasound to accelerate
chemical reactions, performed by Richards and Loomis (1927) [20], its use in organic
wastewater technology is still rarely used on an industrial scale [21]. This, aside from
the operating costs of the technology used, may be influenced by the variable nature of
industrial wastewater [22].

Ultrasonic energy is a common and efficient disintegration technology for solving
issues associated with removing toxic and hazardous organic compounds [23]. The active
action of ultrasound leads to irreversible macroscopic changes in the medium. These
interactions may involve the initiation of new processes, and affect the course of processes
already taking place before their application. As a result of the active action of ultrasonic
waves, secondary phenomena of a physical and chemical nature occur, such as dispersion,
ultrasonic coagulation, oxidation, and depolymerization [24,25]. Apart from biological
and chemical phenomena, mechanical phenomena are also observed in the ultrasonic
field. They lead to the destruction of the structure of the medium as a result of particle
vibrations, the intensity of which depends on the frequency and amplitude of the ultrasonic
waves, which are caused by the varying pressures of the ultrasonic wave. The use of
the ultrasonic field in industrial wastewater technology helps to break down many toxic
and resistant organic pollutants, such as aromatics, chlorinated aliphatic compounds,
surfactants, and organic dyes into simpler forms [26]. It is associated with the production of
highly reactive oxidizing radicals, e.g., hydroxyl (OH•), hydrogen (H•) and hydroperoxyl
(HO2•), and hydrogen peroxide (H2O2), produced during the implosion of cavitation
bubbles. This leads, inter alia, to the oxidative breakdown of resistant compounds found in
wastewater [27–29].

Oxidation of difficult-to-decompose organic compounds often contributes to an in-
crease in their biodegradability, which, in turn, is associated with their accelerated degrada-
tion by bacteria in activated sludge [21]. Because industrial wastewater also contains ammo-
nium nitrogen or phosphorus compounds, cavitation can oxidize molecules to CO2, H2O,
and H2O2, and nutrients to NO3

− and PO4
3− [30,31]. This contributes to further changes in

the values of the chemical oxygen demand (COD), BOD, and TKN indicators [32].
As a result of the implosion of cavitation bubbles (temperature approx. 500 K, pressure

approx. 180 MPa), besides the formation of H• and OH• radicals, there is also thermal
decomposition of hydrophobic volatile substances and high mechanical shear stresses.
Cavitation bubbles increase in volume in the areas of reduced pressure, i.e., below the
critical value, and rapidly decrease in volume (disappear, implode) in areas of increased
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pressure, above the critical (threshold) value. The size of the threshold value depends on
the type of liquid and wave frequency, as well as on the presence of microscopic impurities
and gas particles in the liquid [33–35].

Acoustic cavitation occurs at low frequencies (20–100 kHz), whereas most ultrasonic
wave energy is dissipated within the medium [36]. In order to induce cavitation in water,
for a frequency of 20 kHz, the intensity value is approximately 1 W/cm2. This increases
as the frequency increases [37–39]. The application of an ultrasonic field requires the
optimization of operating parameters, such as the selection of appropriate frequencies,
amplitude, impact times, and the characteristics of conditioned sludges. The assessment
and analysis of the obtained ultrasonic conditioning results were conducted while taking
into account the input variables, such as ultrasound dose, ultrasonic wave intensity, and
input energy. The ultrasound effectiveness depends also on a number of parameters, such
as substrate volume and type and the geometry of the sonication tank [40–43].

The use of the ultrasonic field in wastewater technology does not require the addi-
tion of oxidants or catalysts. Generating additional waste streams is also not a problem.
In addition, ultrasound allows the duration of unit processes to be significantly short-
ened compared to other known techniques [21]. However, one of the main problems
discouraging the operators of wastewater treatment plants from using ultrasound for the
pre-conditioning of industrial wastewater is the high operating and investment costs of
ultrasound devices [26].

This paper presents a novel application of an ultrasonic field for intensifying coke
wastewater treatment in an SBR. The coke wastewater treatment process, as a result of
its properties and variable composition, requires further research in order to determine
the optimal process conditions. This may be key in order for these processes to become
possible on a technical scale.

The objective of this research was to determine the impact of an ultrasonic field on
wastewater treatment efficiency under a various mixtures of coke wastewater in an SBR.
This study also addresses the problem of the influence of the size of the load introduced
into the SBR reactor chamber (each of the analyzed indicators) on the efficiency of the
wastewater treatment process. During the research, the sewage flowing in and out of
the reactor after its full cycle of operation was analyzed. The effectiveness of wastewater
treatment in this study was assessed using pollution indicators, which are characteristic of
the given unit process.

2. Materials and Methods
2.1. Materials

The test substrate was a mixture consisting of synthetic and coke wastewater. Syn-
thetic wastewater was prepared in accordance with the standard PN72/C-0455009 [44],
with the primary organic carbon source being glucose. Coke wastewater from the Coking
Plant in Czestochowa, prior to sampling within the facility, was mechanically treated,
which resulted in the removal of oils, tar substances, and solid contaminants. Activated
sludge, as the inoculum, was taken from the aeration chamber of the WARTA S.A. mu-
nicipal wastewater treatment plant in Czestochowa. Table 1 shows the coke wastewater
characteristics. The dry matter concentration in the sludge used to inoculate the reactors
was 9.38 g/L, whereas the volume index (VI) amounted to approx. 85.3 cm3. The flock
structure was compact and the sludge flock size was in the range of 150–200 µm. There
were sedentary and floating ciliates, and proper and filamentous bacteria. There were no
nematodes in the sediment used.
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Table 1. Values of individual coke wastewater pollution indicator.

Pollution Indicator Unit Coke Wastewater
(CW)

Synthetic
Wastewater (SW)

Permissible Pollutant Values
in Wastewater Discharged to

a Consumer

pH - 8.79–9.18 7.4 6.5–9
COD mg O2/L 2450–2560 380–395 250
TOC mg C/L 908–935 228–248 30

IC mg C/L 230–245 68.4–72.5 -
TN mg N/L 1600–1670 39.8–42.5 3

BOD5 mg O2/L 225–235 296–298 180
BOD5/COD - 0.096 0.78 -

2.2. Experimental Design

The tests were conducted in two stages. The impact of ultrasonic disintegration on coke
wastewater was determined in the first stage. For this purpose, changes in the concentration
of COD and BOD5 values were analyzed with the assumed disintegration parameters. On
the basis of the obtained results, the BOD5/COD ratio was calculated, which is an indicator
of biodegradability. If the BOD5/COD ratio was >0.5, the substrate was referred to as easily
degradable, 0.4–0.5 denoted moderately degradable, 0.2–0.4 denoted slowly degradable,
and <0.2 non-degradable [26]. The selection of the most favorable sonication parameters
(amplitude and time) was made on the basis of the highest value of the quotient obtained,
proving the effectiveness of the applied disintegration (Figure 1, Stage I). The most favorable
sonication time and amplitude were applied in the second stage of tests in the SBR.

Figure 1. Test diagram.
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The second stage involved laboratory-scale tests in two SBR-type reactors, with the
active volume of each SBR amounting to 1 L. A diagram of the test rig is shown in Figure 1.

2.3. Sonicated

Ultrasonic disintegration of coke wastewater was conducted using a Sonisc vibro cell
ultrasonic disintegration with a frequency of 40 kHz. Ultrasonic energy (Es) generated
by a “sandwich” ceramic transducer in the disintegrator was introduced to the tested
medium (raw coke wastewater) through a probe. The following sonication parameters
were used: vibration amplitude A: 31 µm, 61.5 µm; 92 µm; 123 µm; and times t = 2 min
(120 s), 4 min (240 s), 8 min (480 s), 16 min (960 s). The volume of the sonicated samples
was 0.5 L (500 cm3) in a vessel with a diameter of 8 cm (Figure 1, Stage I). Sonication energy
(Table 2) read from the device was used to calculate the acoustic power (1) followed by the
acoustic wave intensity, using Formula (2) (Table 3) [45]:

N = Es/ts [J/s = W] (1)

I = N/S [W/cm2] (2)

N—acoustic power (W)
Es—sonication energy (J)
ts—sonication time (s)
I—acoustic wave intensity (W)
S—area of the surface that the wave passes through (cm2)

Table 2. Change in energy (Es) introduced into the sample depending on the applied amplitude and
sonication time.

UD
Amplitude t = 120 s t = 240 s t = 480 s t = 960 s

A = 31.0 µm Es = 4410 J Es = 9500 J Es = 12470 J Es = 28405 J
A = 61.5 µm Es = 7530 J Es = 20047 J Es = 31860 J Es = 43560 J
A = 92.0 µm Es = 10729 J Es = 40551 J Es = 82340 J Es = 91056 J
A = 123.0 µm Es = 25120 J Es = 109567 J Es = 117658 J Es = 120438 J

Table 3. Change in the acoustic wave intensity (I) to the sample depending on the applied amplitude
and sonication time.

UD
Amplitude t = 120 s t = 240 s t = 480 s t = 960 s

A = 31.0 µm I = 1.09 W/cm2 I= 1.02 W/cm2 I = 0.67 W/cm2 I = 0.76 W/cm2

A = 61.5 µm I = 1.63 W/cm2 I = 2.17 W/cm2 I = 1.72W/cm2 I = 1.18 W/cm2

A = 92.0 µm I = 2.32 W/cm2 I= 4.39 W/cm2 I = 4.46 W/cm2 I = 2.46 W/cm2

A = 123.0 µm I = 5.44 W/cm2 I= 11.86 W/cm2 I = 6.37 W/cm2 I = 3.26 W/cm2

2.4. Operating Conditions of Laboratory-Scale SBRs

The hydraulic retention time (HRT) was 4 days; the average wastewater flow was
0.25 L/d and the amount of wastewater supplied within a single cycle was 0.25 L/d.
A 24 h cycle constituted the daily operation of the system, and it included the phases
of filling the chamber with wastewater (1.5 h), stirring raw wastewater (2 h), aeration
(19 h), sedimentation (2 h), decantation (0.5 h) and a break (0.5 h). After the daily cycle
was completed, the treated wastewater (0.25 L) was subjected to a physical and chemical
analysis, and the bioreactor was prepared for the next cycle of operation. Air used in
the reaction phase (aeration) was supplied to the system in the form of fine bubbles and
through a diffuser. The contents of the reactor were mixed with a magnetic stirrer.
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After a 21-day adaptation of the synthetic wastewater and the inoculum, a mixture of
synthetic wastewater with an appropriate amount of coke wastewater (5%, 10%, 20%) was
added to one of the bioreactors, and a mixture with the same % proportion of wastewater,
but after sonication, was added to the other one. The entire experiment lasted 45 days.
Literature reports do not provide consistent views as to the retention time of wastewater or
the length of individual phases, as well as the increase in pollutant load over time. As a
result of large fluctuations in the load of pollutants in the raw wastewater flowing to the
treatment plant, short times (7 days) for the reaction were assumed in this study with an
increasing the portion of coke wastewater in the mixture. Table 4 shows the duration of the
individual operating stage of the bioreactor.

Table 4. Duration of the individual reactor operation stage.

Day Reactor A Reactor B

1–21 Adaptation Adaptation

22–29 5% addition of coke
wastewater

5% addition of coke
wastewater after US

30–37 10% addition of coke
wastewater

10% addition of coke
wastewater after US

38–45 20% addition of coke
wastewater

20% addition of coke
wastewater after US

2.5. Analytical Methods and Statistical Procedures

The following analytical, chemical, and physical designations were used in the course
of conducted tests:

• COD was determined according to standard methods (APHA, 1999) [46], with the
bichromate method using a Dr/4000 spectrometer by HACH, (APHA, 1999) [46];

• Total organic carbon (TOC), total carbon (TC), inorganic carbon (NC), and total nitro-
gen (TN) were determined using a TOC 10 C Analyzer PX by Kiper, with an AS 40
autosampler by Dione;

• Ammoniacal nitrogen (N-NH4) was determined using the titration method according
to standard methods (APHA, 1999) [46];

• pH was determined using the potentiometric method, (pH measurements were con-
ducted using a 59002-00 pH meter by ColePalmer);

All analyses were triplicated. The results are presented in the tables and figures as
arithmetic means.

2.6. Statistical Analysis

Statistical analysis was performed using the STATISTICA 13.3 software. The aim
of the analysis was to determine the difference in the values of the studied indicators
depending on the combination of tests (the variables in the combinations were amplitude
(A), sonication time (t), the portion of coke wastewater in the treated mixture: 5% coke
wastewater (CW), 10% CW, and 20% CW, and whether the process carried out in the reactor
was assisted with the ultrasonic field-SBR + UD or the non-aided ultrasonic field-SBR).
Levene’s test was used to check the homogeneity of variance. The null hypothesis in
Levene’s test was that the variances in the different groups were homogeneous (the same).
Levene’s test proved significant and the homogeneity of variance hypothesis was rejected.
In this situation, Tukey’s post hoc test was performed. The adopted alpha significance
level was 0.05. The value bars in the figures marked with the same letter (a–k) are not
statistically significant (no statistically significant difference).

3. Results and Discussion
3.1. Ultrasound of Coke Wastewater—Selection of Amplitude and Sonication Time

Changes in the acoustic energy value depending on the applied sonication times
and oscillation amplitudes are shown in Table 2. The sonication energy values were read
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from the device. According to the source literature [47,48], the application of an ultrasonic
technique requires the optimization of the operating parameters, such as frequency, oscil-
lation amplitude, wave intensity, acoustic energy, and interaction duration. The capacity
and geometry of the tank where the process takes place are also an important element of
optimizing sonication conditions.

The sonication process is also described through its intensity. This reliable parameter
determines the amount of energy carried by an acoustic wave that reaches the medium
surface, perpendicular to the wave propagation direction [49,50]. It is assumed that in
order for cavitation to occur in a liquid medium, an ultrasonic wave intensity must reach
at least 1.0 W/cm2. Table 3 lists the acoustic wave intensities depending on the applied
sonication time and amplitude. It was concluded that only when the coke wastewater was
sonicated at an amplitude of 31 µm and a longer exposure time, i.e., 8 min (0.67 W/cm2)
and 16 min (0.76 W/cm2), was the ultrasonic wave intensity lower than the theoretic
cavitation inducing threshold. The highest ultrasonic wave intensity (11.86 W/cm2) was
observed during a 4 min sonication at an amplitude of 123 µm.

The most favorable sonication parameters were selected based on the BOD5/COD
quotient. The direct outcome of an ultrasonic field acting on coke wastewater is the
hydrolysis of compounds and an increase in organic substances, expressed in the form
of COD and BOD5 (Figures 2 and 3). On the basis of the conducted analysis, an increase
in the value of COD in the coke wastewater corresponding to the increasing oscillation
amplitude and sonication time was observed. The maximum values were achieved for an
amplitude of 123 µm and an exposure time of 240 s. Further conditioning did not result in a
significant COD value increase. A similar trend was observed for the BOD5 indicator. The
studies conducted by Ning et al. [50] show that the application of ultrasonic disintegration
in coke wastewater, as a process of preliminary processing, not only decomposes various
organic compounds, but also results in an increasing percentage of easily biodegradable
organic substances in the subsequent treatment processes. As shown earlier, studies
were carried out in which landfill leachate was used as a substrate. In these studies,
the sonication process clearly affects the violation of the chemical structure of organic
compounds contained in them. The -CH2 and -CH3 groups were released, probably from
humic compounds or aromatic compounds. The formation of a significant amount of
compounds with the -OH functional group was also observed, which could be derivatives
of alcohols or carboxylic acids. It was also found that it was likely to generate compounds
with a chemical structure more susceptible to the biodegradation process—an increase in
the BOD/COD ratio [51].

It is worth noting, however, that during the ultrasonic treatment of industrial wastew-
ater, a number of chemical compounds occur, which differ in physico-chemical nature
or the number of bonds, and their influence on the biocenosis of activated sludge is still
unknown. It turns out that despite the increase in the BOD/COD ratio, which indicates an
improvement in their biodegradability, this treatment is not significantly more effective.
It is suspected that the sonification of coke wastewater results in the release/formation
of compounds with potentially toxic/inhibitory effects on activated sludge bacteria. The
solution to this problem may be the selection of the SBR reactor operating parameters,
i.e., sludge concentration, duration of the reaction phase, sludge age, and ultrasonic field
parameters such as its intensity.
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Figure 2. The influence of sonication time and the magnitude of the vibration amplitude on the chemical oxygen demand
(COD) value of coke wastewater (Statistical group a–i).

Figure 3. Effect of sonication time and the magnitude of the vibration amplitude on the BOD5 value of coke wastewater
(Statistical group a–g).
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Ultrasonic disintegration impacts structural changes in the organic compounds of coke
wastewater and leads to the increase in their biodegradability, facilitating their subsequent
treatment in the SBR [52]. The BOD5/COD quotient for all applied combinations was
below 0.2 (Figure 4), indicating very low susceptibility to biochemical decomposition of the
compounds. The highest quotient value of 0.17 was achieved at an amplitude of 61.5 µm
and sonication time of 480 s, with the aforementioned sonication parameters applied in the
second stage of the tests.

�120s 

240 s 

h -480s
0.18 l?'Z22]960s

0.16 I 

e 

0.14 

0.12 
0 

0 0.10 

0 0.08 
0 

0�06 

0.04 

0.02 

0.00 
31µm 61.5 µm 92 µm 123 µm 

Figure 4. The impact of sonication time and the magnitude of the vibration amplitude on the BOD5/COD ratio (Statistical
group a–h).

The results of the statistical analysis concerning the influence of the ultrasonic field on
the change in the coke wastewater characteristics showed that the effects obtained during
the sonication of the wastewater at higher amplitudes (91 µm and 123 µm) are similar to
the effects obtained at the amplitude of 61.5 µm. The analysis led to the conclusion that
the change in the COD index during the sonication of wastewater at the lowest of the
applied amplitudes (31 µm) and the longest time (960 s) was statistically comparable to
the value obtained with the amplitude of 123 µm and the time of 480 s. The increase in the
BOD index for the amplitude of 61.5 µm and longer exposure times (480 s and 960 s) did
not show significant statistical differences in comparison to the 92 µm amplitude and the
same sonication times. The highest increase in the BOD/COD ratio was recorded at the
amplitudes of 61.5 µm and 92 µm and the same exposure time (480 s). It was observed
that the changes in the BOD/COD ratio did not show significant differences when the
wastewater was sonicated at an amplitude of 31 µm and a time of 960 s, or 91 µm and
123 µm at a time of 240 s. In Figures 2–4, the symbols a–j indicate the samples showing no
significant statistical differences.
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3.2. Wastewater Treatment in the SBR

Table 5 shows the pollution load during bioreactor operation in the case of the applied
mixtures, with increasing percentages of coke wastewater and applied ultrasonic field. The
wastewater pollution load increased proportionally to the amount of coke wastewater in
the mixture—from 0.15 g O2/d for a 5% proportion to 0.205 g O2/d for a 20% proportion.
Coke wastewater sonication resulted in an increased pollution load in wastewater from
0.196 g O2/d for a 5% proportion to 0.2785 g O2/d for a 20% proportion. A similar trend to
that of pollution load was observed for COD in the studied combinations. The highest values
were recorded for a 20% proportion of coke wastewater and a 20% proportion of sonicated
coke wastewater, for which the COD was 410.5 mg/L and 556.5 mg/L, respectively (Table 6).

Table 5. Reactor’s operating parameters for individual percentage additions of coke wastewater.

Coke Wastewater Share [%] Wastewater Charge
[gO2/d]

Sludge Loading with
Pollution Charge
[mgO2/gsmo*d]

5 0.15 ± 0.01 0.032 ± 0.001
10 0.16 ± 0.011 0.036 ± 0.001
20 0.205 ± 0.012 0.044 ± 0.001

5US 0.196 ± 0.03 0.042 ± 0.002
10US 0.226 ± 0.021 0.051 ± 0.001
20US 0.2785 ± 0.022 0.06 ± 0.001

Table 6. Characteristics of used test mixtures—synthetic wastewater (SW) with an addition of coke wastewater (CW) (5%,
10%, 20%) and ultrasound (US).

Parameter SW +
5% CW

SW +
5% CW-US

SW +
10% CW

SW +
10% CW-US

SW +
20% CW

SW +
20% CW-US

COD 315 ± 5 392 ± 11 355 ± 8 412 ± 8 410.5 ± 11 556.5 ± 9.1
TOC 42.53 ± 1.2 43.95 ± 2.1 80.53 ± 2.1 82.54 ± 2.5 179.65 ± 12.1 181.9 ± 8.7

IC 10.48 ± 0.5 10.76 ± 0.8 19.84 ± 0.78 21.2 ± 1.1 220.01 ± 14.6 223.27 ± 12.5
TN 83.86 ± 5.4 83.61 ± 4.1 181.1 ± 11.2 198.8 ± 14.4 352.4 ± 8.9 359 ± 9.4

N-NH4
+ 27.8 ± 1.2 28.0 ± 1.1 27.9 ± 1.1 28.8 ± 3.7 28 ± 0.7 29.0 ± 1.2

pH 7.592 ± 0.4 7.597 ± 0.4 7.67 ± 0.6 7.647 ± 0.7 7.693 ± 0.8 7.697 ± 0.5

The TOC and TN concentration values increased along with the increasing coke
wastewater content in the mixture, from 42.53 mg C/L; 83.86 mg N/L for a 5% proportion,
to 179.65 mg C/L; 352.4 mg N/L for a 20% proportion. Coke wastewater sonication did
not impact the concentration of the discussed parameters. N-NH4

+ concentration stayed at
a similar level for all the studied combinations (27.8–29.0 mg/L). Similarly, the pH varied
in the range of 7.592–7.697. Inorganic carbon (IC) concentration was at a low level for the
5% and 10% additions of coke wastewater in the mixture. This was also the case after
ultrasound (10.48–19.84 mg C/L), with a significant increase in this parameter observed
for the 20% proportion of coke wastewater in the mixture (220.01 ÷ 223.27 mg C/L). The
characteristics of the applied test mixtures are shown in Table 6. Along with the increasing
addition of raw coke wastewater, as well as the initially ultrasonic wastewater, the size
of activated sludge flocs increased (>500 µm) and their structure became looser. The
species composition of activated sludge microorganisms also deteriorated (the quantity of
filamentous bacteria increased at the expense of free-flowing and sedentary ciliates). The
activated sludge exhibited slowly swelling behavior.

COD concentration in the course of the experiment ranged from 51 to 240 mg/L
(Figure 5). The course of COD changes was similar for all the mixtures. An increase in
the parameter in question after preliminary disintegration of coke wastewater could be
observed in the last stage of the study at a 20% addition of coke wastewater. A 20% addition
of coke wastewater resulted in a significant increase in COD concentration; in the case of the



Energies 2021, 14, 963 11 of 17

5% and 10% additions, the COD value remained at a similar level. The use of the ultrasonic
field improved the degree of COD removal by approximately 10% compared to the coke
wastewater in SBR. The degree of COD removal for the mixture without sonication was
constant, amounting to approximately 55%, regardless of the percentage of coke wastewater
throughout the experiment. In the case of the mixture after sonication, the degree of COD
removal was approximately 10% higher than that of the control. Only an increase in the
content of coke wastewater to 20% after ultrasound (US) resulted in a decrease in the
degree of COD removal. This may be because the pollutant load increases too much over
time. The reasons for this could be that the sludge load became highly activated over a
short period of time, and the increasing amount of coke wastewater in the mixture from
10% to 20% prevented gradual adaptation of microorganisms to the increasing pollutant
loads. In his studies, Ning et al. [50] concluded that the application a combination of
ultrasonic irradiation and catalytic oxidation prior to biological treatment can improve
biodegradation by up to 63.49%, as compared to the biodegradation effect when using only
a biological treatment through activated sludge, for which the COD degradation value was
32.25%. The use of only one method of disintegration is much less effective than combined
methods, e.g., when using only ultrasonic disintegration, the improvement of the COD
degradation efficiency increased by 48.29–80.54% [52].

Figure 5. COD changes during treatment in the sequencing batch reactor (SBR): (a) concentration; (b) removal efficiency
(Statistical group a–b).

Changes in TOC concentration and their removal rates for the studied mixtures in
the second stage of the tests are shown in Figure 6. On the basis of the results, it can be
concluded that the course of TOC concentration changes and TOC removal rates during SBR
treatment were similar for the studied mixtures. The TOC removal rate was approximately
85% for both mixtures. The much higher TOC values in the wastewater after sonication
did not disturb the process, although the course of the removal rate varied with time.
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Figure 6. Total organic carbon (TOC) changes during treatment in the SBR: (a) concentration; (b) removal efficiency
(Statistical group a–c).

The inorganic carbon (IC) removal rate after the application of coke wastewater soni-
cation was approximately 10% lower than that of the mixture without US (Figure 7). As a
result of the hydrolysis of compounds after sonication and purification in SBR, a significant
increase in IC was observed, which may indicate the degradation of organic compounds
and the formation of other inorganic forms. The increasing proportion of coke wastewater
in the mixture strengthened this effect. When analyzing the literature, the IC parameter is
generally not tested during sewage treatment. The analyses only concern organic substances,
such as COD, TOC, and BOD, the loss of which is used to demonstrate the effectiveness of
the process.

Figure 7. Inorganic carbon (IC) changes during treatment in the SBR (Statistical group a–b).
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The course of ammoniacal nitrogen changes within the process was similar for the
COD and TOC. The N-NH4+ removal rate for the mixture with sonicated wastewater was
approximately 19%, and was higher by ca. 10% than for the mixture without US, in which
it was 9% at the end of the process (Figure 8). According to Keller [53], and Chakraborty
and Veeramani [54], in order to achieve a lower ammonium concentration and a higher
ammoniacal nitrogen removal rate, the subsequent phases in the SBR should be optimized,
especially the wastewater retention time. A TN removal rate of approximately 90% was
obtained for the tested mixtures.

Figure 8. N-NH4
+ changes during treatment in the SBR: (a) concentration; (b) removal efficiency. (Statistical group a–d).

Ultrasonic field conditioning did not significantly improve this parameter. The course
of TN concentration changes is shown in Figure 9. Furthermore, in the case of pH values,
no significant differences were recorded for the tested mixtures. The pH value remained in
the range of 8.0–9.2 through the course of the process. According to data from the literature,
the pollution biodegradation process is most effective when the pH is 8.5, demonstrating a
TOC removal rate of 34%; an increase in pH to a value of 11 may result in the pollutant
removal rate decreasing to 29% [55].

Figure 9. Total nitrogen (TN) changes during treatment in the SBR: (a) concentration; (b) removal efficiency (Statistical
group a–b).

The results of the statistical analyses concerning the treatment efficiency of variable
proportions coke wastewater in the SBR reactor in the pre-conditioned ultrasonic field
(SBR + UD) as compared to the non-conditioned (SBR) state are as follows: the values
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of COD and TOC wastewater treated with a 5% addition of coke wastewater (SBR-5%
CW) showed no statistical differences as compared to the 5% and 10% additions of pre-
conditioned sewage in the ultrasonic field (SBR + 5% CW + UD and SBR + 10% CW + UD).
In the case of ammonium nitrogen, the samples demonstrating no significant statistical
differences are as follows: the SBR-5% CW sample and the SBR-5% CW + UD and SBR-20%
CW samples (b); and the SBR-10% CW + UD sample and the SBR-20% CW and SBR-20%
CW + UD samples (c). In Figures 5–10, the symbols a–d indicate samples that do not
demonstrate significant statistical differences.

Figure 10. pH changes during treatment in the SBR.

4. Conclusions

The authors of this paper studied the impact of an ultrasonic field on the efficiency
of coke wastewater treatment. The application of preliminary disintegration of coke
wastewater using an ultrasonic field resulted in the growth of organic substances as
indicated by COD and BOD5. A direct effect of coke wastewater exposure to an ultrasonic
field was the hydrolysis of compounds and their improved biodegradability. On the basis
of the conducted analysis, an increase in the value of COD in coke wastewater along with
increasing oscillation amplitude and sonication time was observed. On the basis of the
BOD/COD ratio, it was found that the most favorable parameters are an amplitude of
61.5 µm and an exposure time of 480 s, which were applied in the second stage of the study.

Treating wastewater after preliminary disintegration in an SBR resulted in an improve-
ment in the degree of removal for most of the parameters tested. The efficiency of the
treatment improved by approximately 10% after the initial sonication of the coke wastewa-
ter. The removal efficiency of the examined parameters decreased slightly with the increase
in the proportion of coke wastewater in the mixture. However, regardless of the coke
wastewater ratio (% v/v), the treatment efficiency was higher for the sonicated mixture
as compared to the control. Thus, pre-treatment of coke wastewater prior to treatment
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in an SBR reduces the negative impact of coke wastewater on the degree of removal for
the parameters tested. Co-purification of coke wastewater with no negative impact on the
efficiency of pollutant removal is possible, but with a small addition of coke wastewater,
i.e., up to 10% (v/v). However, as shown by the results obtained, the introduction of
pre-treatment of coke wastewater before biological treatment may lead to a 20% increase in
the volume of coke wastewater in the stream of treated wastewater.

It was observed that the key factor impacting the effectiveness of pollutant removal
was a gradually increasing pollutant load. Additional studies in this respect are planned
in the future. HRT is another crucial element for improving treatment efficiency, with
the duration of individual phases needing to be optimized depending on the load, which
in this case was coke wastewater in the mixture. As a result of the large unevenness of
the sewage inflow and fluctuations in the pollutant load, it is very important to properly
determine the operating parameters, including the amount and frequency of the air supply.
The duration of the individual phases in the cycle should also be optimized.
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