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Abstract
During coke production, large volume of effluent is generated, which has a very complex chemical composition and con-
tains several toxic and carcinogenic substances, mainly aromatic compounds, cyanide, thiocyanate and ammonium. The 
composition of these high-strength effluents is very diverse and depends on the quality of coals used and the operating and 
technological parameters of coke ovens. In general, after initial physicochemical treatment, biological purification steps are 
applied in activated sludge bioreactors. This review summarizes the current knowledge on the anaerobic and aerobic trans-
formation processes and describes key microorganisms, such as phenol- and thiocyanate-degrading, floc-forming, nitrifying 
and denitrifying bacteria, which contribute to the removal of pollutants from coke plant effluents. Providing the theoretical 
basis for technical issues (in this case the microbiology of coke plant effluent treatment) aids the optimization of existing 
technologies and the design of new management techniques.
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Introduction

In the last decade, global steel demand has kept on grow-
ing, leading to a record of 1870 million tons of crude steel 
production in 2019, which means more than doubling of 
production in the last 20 years (World Steel Association 
2020). Despite the development of alternative ironmaking 
technologies (Hasanbeigi et al. 2014), more than 70% of 
crude steel produced worldwide is still manufactured via the 
blast furnace-basic oxygen furnace route which uses coal to 
reduce iron oxides in the ores and to generate heat for smelt-
ing (World Coal Association 2020). To achieve the purity 
required for steel making, coal has to be converted into coke. 
During the coking process, coal is heated to around 1000 °C 
in the absence of oxygen to drive off the volatile compounds. 
The resulting coke is a hard porous material composed of 
almost pure carbon. Hot coke is usually quenched with 

water, and the gases containing the volatilized materials are 
also washed with water resulting in the coking wastewater, 
which is also referred as coke oven wastewater, coal gasifi-
cation wastewater or coke plant effluent (Kwiecińska et al. 
2017; Nowak et al. 2004).

These effluents are high-strength wastewaters, which 
(in order to accomplish environmental regulations) have to 
undergo intensive purification processes prior to their dis-
charge; therefore, steel industry has developed a plethora of 
methods for the treatment of coking effluents (Tong et al. 
2018). Various techniques available combine different physi-
cal, chemical and biological processes, and the biological 
unit is an almost indispensable part of a successful and cost-
effective treatment process (Zhao and Liu 2016; Zhu et al. 
2018). In general, up to 90–99% reduction in contaminants 
can be achieved (Kim et al. 2008a; Maiti et al. 2019; Tong 
et al. 2018; Zhu et al. 2018).

Although information available on the structure and 
function of microbial communities in wastewater treatment 
processes increased considerably in the past decades, most 
of the studies were conducted on municipal (i.e., domes-
tic) wastewaters (Cydzik-Kwiatkowska and Zielińska 
2016; Wu et al. 2019), and research focusing on the back-
ground of microbial processes during the treatment of coke 
plant effluents is still limited. Furthermore, recent reviews 

 *	 Tamás Felföldi 
	 tamas.felfoldi@ttk.elte.hu

1	 Department of Microbiology, ELTE Eötvös Loránd 
University, Pázmány Péter stny. 1/c., Budapest 1117, 
Hungary

2	 Department of Ecology and Genetics/Limnology, Uppsala 
University, Norbyvägen 18 D, 75236 Uppsala, Sweden

http://orcid.org/0000-0003-2009-2478
http://crossmark.crossref.org/dialog/?doi=10.1007/s42977-020-00028-2&domain=pdf


360	 Biologia Futura (2020) 71:359–370

1 3

(Kwiecińska et al. 2017; Maiti et al. 2019; Zhao and Liu 
2016; Zhu et al. 2018) on coking wastewater treatment focus 
mainly on the technological aspects of different purifica-
tion strategies, while microbiological findings (e.g., those 
that were obtained with high-throughput DNA sequencing 
methods during the last years) have not been considered. 
Therefore, the major aim of this review is to summarize the 
current knowledge on microbiological processes related to 
coke plant effluent treatment, which could help the optimi-
zation of available technologies and aid the design of new 
management techniques.

Composition of coke plant effluents

In addition to the aqueous material obtained with distilla-
tion during the coking process, quenching of hot coke gen-
erates effluent with high suspended matter, while washing 
the produced gas results in a toxic liquid with high con-
centration of nitrogenous compounds and cyclic organic 
molecules (Ghose 2002; Kwiecińska et al. 2017). Some of 
these compounds are volatile under the conditions present in 
raw wastewater (Kjeldsen 1999; Zhu et al. 2018); therefore, 
a direct exposure to such liquids constitutes a serious risk 
to human health. The composition of coke plant effluents 
depends mainly on the quality of coals used and the operat-
ing and technological parameters of coke ovens (Maiti et al. 
2019; Zhu et al. 2018) (Table 1).

Organic pollutants

There is a huge diversity of organic molecules present in 
raw coke plant effluents with varying quantity and compo-
sition (Li et al. 2003; Lu et al. 2009; Zhao and Liu 2016; 

Zhu et al. 2018). Additionally, most of these molecules are 
carcinogenic and toxic, and as a  consequence in mammals, 
they may cause gastrointestinal disorders, kidney and liver 
damage, lung hemorrhages, diverse neurological symptoms 
and finally death (Padoley et al. 2008).

The most abundant organic substances are aromatic 
compounds such as phenolic compounds (around 40–50% 
of total COD) including phenol, cresols (methylphenoles), 
di- and trimethylphenols (Li et al. 2003; Lu et al. 2009; 
Zhang et al. 1998; Zhao and Liu 2016). Polycyclic aromatic 
hydrocarbons (PAHs, e.g., naphthalene) are molecules that 
contain fused aromatic rings with no heteroatoms or sub-
stituents. Concentration of PAHs is usually low compared to 
the other organic pollutants present in raw effluents (Li et al. 
2003). Regarding nitrogen heterocyclic compounds (NHCs), 
pyridine, quinoline, isoquinoline, indole and their deriva-
tives are the most common (Li et al. 2003; Padoley et al. 
2008). NHCs could contribute up to 30-50% of total organic 
content in raw wastewater (Li et al. 2003; Zhang et al. 1998; 
Zhu et al. 2018). In smaller amounts, even sulfur containing 
organics and long-chain n-alkanes may be present (Li et al. 
2003; Zhao and Liu 2016). Certain organic molecules (e.g., 
some alkylated pyridines and PAHs) are less biodegradable 
and persist in the biological purification, resulting in rela-
tively high COD values in the treated effluent (Li et al. 2003; 
Stamoudis and Luthy 1980; Zhu et al. 2018) (Table 1); there-
fore, additional treatments (e.g., advanced oxidation) may be 
required before discharge to recipient waters (Ji et al. 2016; 
Zhang et al. 2016; Zhu et al. 2018).

Tars may also present in significant amount in raw  
effluents (2–5%) that could be subsequently separated with 
physicochemical treatments (Kwiecińska et al. 2017).

Table 1   Changes in the 
characteristic concentration 
values of main chemical 
compounds in coke 
plant effluents during 
physicochemical and biological 
treatments (data obtained from 
Felföldi et al. 2010; Li et al. 
2003; Kwiecińska et al. 2017; 
Ma et al. 2015a, b; Maranón 
et al. 2008; Neufeld and 
Valiknac 1979; Vázquez et al. 
2006, Zhu et al. 2012, 2018; and 
unpublished results of Katalin 
Barkács and Laura Jurecska)

COD—chemical oxygen demand, TOC—total organic carbon, TN—total nitrogen
*According to the Industrial Emissions Directive of the European Commission (Remus et al. 2013). **Sum 
of ammonium-N, nitrite-N and nitrate-N. ***In the reference, given as CN−, easily released

Parameter Raw wastewater After chemical 
treatment

After biological 
treatment

Emission levels*

pH 7.0–9.5 5.8–9.2 5.5–8.7
COD (O2 mg/L) 1000–7000 800–5500 100–700 < 220
TOC (mg/L) 1000–2300 600–1200 70–280
Phenols (mg/L) 150–2000 100–1000 < 2 < 0.5
NH4

+–N (mg/L) 100–4600 5–1100 < 10
NO3

−–N (mg/L) ~400 60–400 20–80
TN (mg/L) 200–5000 220–1200 20–100 < 15–50**
SCN−–N (mg/L) 5–240 25–300 < 2 < 1
CN−–Ntotal (mg/L) 15–50 2–100 1–50
CN−–Nfree (mg/L) ~5 < 1 < 1 < 0.05***
SO4

2− (mg/L) 300–1200 50–200 900–1200
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Inorganic pollutants

The major inorganic compounds present in the coke plant 
effluent are cyanide (CN−), thiocyanate (SCN−), ammonium 
and sulfate (Table 1).

Cyanide ion is present in two forms, the less toxic com-
plex cyanide that is combined with metals (especially with 
ferric ion) and the highly toxic free cyanide (Kjeldsen 1999; 
Kwiecińska et al. 2017). In its free form, cyanide binds to the 
heme iron in cytochrome oxidase and thereby blocks aerobic 
respiration (Shifrin et al. 1996). Therefore, cyanide is usu-
ally converted into thiocyanate with reduced sulfur species 
prior to biological treatment (Olson et al. 2003). Although 
thiocyanate has relatively lower toxicity compared to cya-
nide, it can also inhibit biodegradation processes (Neufeld 
and Valiknac 1979; Olson et al. 2003).

Ammonium is usually present in high amount in  
raw effluents, and its concentration could be reduced by 
physicochemical pre-treatments (Maranón et al. 2008), but 
in turn, it could be also produced during the biological treat-
ment, via the decomposition of organic nitrogen compounds 
(the process called ammonification) or via the hydrolysis of 
thiocyanate (Hung and Pavlostathis 1997). Similarly, bio-
logical oxidation of the sulfur atom in thiocyanate under 
aerobic conditions leads to the increase in sulfate content 
in wastewater (Felföldi et al. 2010; Hung and Pavlostathis 
1997) (Table 1; see also Eq. 5).

Physicochemical treatments for the reduction 
in toxicity

Several of the above-mentioned organic and inorganic com-
pounds present in raw wastewater are toxic even to versatile 
microorganisms; therefore, prior to biological treatments 
physical and chemical processes are applied to reduce the 
concentration of such components. There is a huge variety 
of methods available for the physical removal (e.g., phe-
nol extraction, ammonia stripping, tar separation, flotation, 
coagulation) or conversion of contaminants (e.g., conver-
sion of cyanide to thiocyanate with reduced sulfur species, 
oxidation of heterocyclic compounds) (Chen et al. 2019; 
Kozak and Wlodarczyk-Makula 2018; Maiti et al. 2019; Ryu 

et al. 2009), but the detailed discussion of these processes 
is beyond the scope of this review and could be found else-
where (e.g., Zhu et al. 2018). In addition to the above-men-
tioned physicochemical treatments, in some cases dilution 
(e.g., with municipal wastewater or by partial recirculation 
of purified effluent) is also used to reduce the concentra-
tion of toxic contaminants (Maiti et al. 2019; Maranón et al. 
2008; Tong et al. 2018).

Bioreactor characteristics and operation

The efficiency of a single bioreactor or a reactor cascade 
depends on the chemical nature of the treated water and on 
operation characteristics, such as hydraulic retention time 
(HRT), temperature, sludge recirculation ratio, pH and dis-
solved oxygen content. All these parameters affect the activ-
ity and composition of the microorganisms which eventually 
perform the removal of contaminants (Kim et al. 2008a; Ma 
et al. 2015a; Rowan et al. 2003).

Major biological transformation processes 
in bioreactors

The biological treatment aims to remove ammonium, thio-
cyanate, phenols and many other organic compounds (i.e., 
reduction in COD) via aerobic and anaerobic transformation 
processes (Table 2). Microorganisms can use the organic and 
inorganic contaminants of the coke plant effluent as carbon 
or nitrogen sources or to gain energy, and as a result micro-
bial biomass is produced and some gaseous compounds are 
released (mainly CO2 and in the case of denitrification N2). 
These processes are described in detail at the molecular level 
in the subsequent chapter.

From a microbiological point of view, supplying the proper 
amount of oxygen as electron acceptor for the aerobic oxi-
dation is crucial. However, some processes may require the 
addition of chemicals, e.g., carbonate to adjust pH and as a 
carbon source for autotrophic nitrifying microorganisms in the 
nitrification reactors, sulfuric acid to lower pH in the denitrifi-
cation reactor, methanol (or other simple organic compounds) 
as carbon source and electron donor for denitrification, and 

Table 2   Main processes and major redox reactions in coke plant effluent-treating bioreactors (based on the data from Caspi et al. 2018; Horan 
2003)

*In the case of aerobic biodegradation process. **In the case of NHCs

Reaction Electron donor Electron acceptor Product in reactor Reactor redox potential

Organics removal* Organic compounds Oxygen Biomass, ammonium** > + 200 mV
Thiocyanate degradation* Reduced sulfur compound Oxygen Biomass, ammonium and sulfate > + 200 mV
Nitrification Ammonia Oxygen Biomass, nitrate > + 300 mV
Denitrification Organic compounds Nitrate Biomass − 100 to + 150 mV
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since coke plant effluents contain low amount of phosphorous, 
addition of inorganic phosphate as phosphorus source may also 
improve the performance of biological treatment (Felföldi 
et al. 2010; Kim et al. 2007, 2009; Li et al. 2003; Maranón 
et al. 2008; Raper et al. 2018a, 2019a; Zhu et al. 2015).

Operational characteristics and arrangement 
of bioreactors

Biological treatment of wastewaters could be carried out 
either using activated sludge or biofilm processes, and as it 
was mentioned above, bioreactor design, operational char-
acteristics and technical parameters (e.g., temperature, pH, 
dissolved oxygen content, HRT, type and structure of biofilm 
carrier, sludge recirculation ratio) determine microbial com-
munity composition and activity, and therefore purification 
efficiency (Bitton 2011; Chen et al. 2017; Felföldi et al. 2015; 
Jurecska et al. 2013; Kim et al. 2008a; Ma et al. 2015a; Rowan 
et al. 2003). However, providing a detailed overview on reac-
tor design, setup and other practical aspects are beyond the 
scope of this review and could be found elsewhere (e.g., Bit-
ton 2011; Davis 2010), and in the case of coking wastewater 
it has been discussed in recent reviews (Ji et al. 2016; Tong 
et al. 2018; Zhu et al. 2018). It should be also noted that new 
technologies are emerging (e.g., activated carbon sludge pro-
cesses, moving bed biofilm reactors, fluidized-bed bioreac-
tors) to overcome problems related to the purification of these 
harsh wastewaters (see details in Zhu et al. 2018).

In general, complete biological treatment of coking waste-
water is not possible in a single reactor, since some biological 
transformations require different operational characteristics 
(e.g., oxygen concentration and pH; Table 2). Therefore, con-
taminant removal is performed in sequential manner in order 
to achieve the specific effluent discharge limits (Tong et al. 
2018). On the other hand, several pollutants, like phenols and 
thiocyanate, can be removed in a single-step process (Felföldi 
et al. 2010; Vázquez et al. 2006), since, e.g., the inhibitory 
effect of thiocyanate is relatively low on bacterial phenol deg-
radation (Arutchelvan et al. 2005).

The previously common two-step [aerobic(oxic)–anaerobic 
or anoxic (O/A) or anoxic–oxic (A/O)] reactor cascades are 
nowadays being replaced with three [anaerobic–anoxic–oxic 
(A/A/O) or anaerobic–oxic–oxic (A/O/O)] or even four-
step [anaerobic–anoxic–oxic–oxic (A/A/O/O) or anaero-
bic–oxic–anoxic–oxic (A/O/A/O)] reactor cascades (Ma et al. 
2015a; Zhang et al. 2016; Zhu et al. 2018), since increasing 
the number of reactors usually increases the performance of 
the system (Ji et al. 2016; Zhao and Liu 2016). The major 
advantage of placing an anaerobic reaction in the beginning 
of the system is to lower the external carbon source demand 
of heterotrophic denitrifying bacteria and enhance the deg-
radation of recalcitrant organics (Li et al. 2003; Maranón 
et al. 2008; Raper et al. 2019a; Zhang et al. 2012; Zhao and 

Liu 2016). On the other hand, anaerobic bacteria are very 
sensitive to the presence of toxic pollutants; therefore, the 
introduction of two-phase anaerobic systems has been sug-
gested (Zhao and Liu 2016). Various other reactor cascades 
and setups were and are tested continuously at laboratory and 
pilot scale (e.g., Zhu et al. 2015; see also “Appendix”), and 
results obtained from such studies provide the basis of pro-
cess optimization in plant scale systems through the scaling-
up processes (Kim et al. 2009; Maiti et al. 2019).

Key microorganisms in bioreactors

The biological purification processes (biodegradation of 
organic compounds and thiocyanate, removal of nitrogen) in 
coke plant effluent-treating bioreactors are carried out primar-
ily by bacteria (Table 3); however, fungi were also reported 
to perform some of the above-mentioned transformations. 
Recent advances in molecular biology (e.g., the introduction 
of high-throughput DNA sequencing methods) aided to deci-
pher the detailed taxonomic structure of microbial communi-
ties in the bioreactors. Studies revealed that members of the 
phylum Proteobacteria are the most abundant microorganisms 
in the bioreactors, contribution of the phyla Bacteroidetes, 
Acidobacteria, Firmicutes, Actinobacteria and Planctomy-
cetes is also remarkable in most cases, and archaea represent 
a negligible fraction of the bioreactor communities (Jia et al. 
2016; Ma et al. 2015a, b; Meng et al. 2016; Xu et al. 2016; 
Zhu et al. 2015, 2017; Ziembińska-Buczyńska et al. 2019).

Microorganisms have important function not only in the 
removal of particular contaminants, but also in the formation 
of biological structures (i.e., activated sludge flocs and bio-
films) that are essential for the optimal operation of the biore-
actors. Although it has to be mentioned that there is a signifi-
cant fraction of bacteria that cannot be identified at the genus 
level, their function in coke plant effluent wastewater treatment 
remains unknown (Ma et al. 2015a, b; Zhu et al. 2015).

Phenol‑degrading bacteria

Phenol can be utilized as carbon and energy source by many 
bacteria (Krastanov et al. 2013), and under suitable condi-
tions complete oxidation could take place even at very high 
(up to 1–3 g/L) concentration (Arutchelvan et al. 2005; El-
Sayed et al. 2003; Essam et al. 2010; Felföldi et al. 2010; 
Geng et al. 2006).

The first step in aerobic biodegradation is the hydroxyla-
tion of phenol to catechol using molecular oxygen (Caspi 
et al. 2018). Subsequently, catechol could be degraded via 
two major pathways: the ortho-pathway starts with the intra-
diol ring cleavage between the two hydroxyl groups (using 
the key enzyme catechol 1,2-dioxygenase) and meta-pathway 
with extradiol ring cleavage between one hydroxylated and its 
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adjacent non-hydroxylated carbon (using the key enzyme cat-
echol 2,3-dioxygenase) (Harayama and Rekik 1989; van Schie 
and Young 2000). The following steps of both routes result 
in central metabolic intermediates, such as pyruvate, acetalde-
hyde or succinate, that could enter into various pathways (e.g., 
the tricarboxylic acid cycle) (Caspi et al. 2018). The aerobic 
degradation of other aromatic compounds is also channeled to 
catechol or similar molecules (that contain two hydroxyl groups 
or a hydroxyl and a carboxyl group next to each other), which 
are subsequently subjected to ring cleavage (Fuchs 2008).

There is a wide diversity of phenol-degrading microorgan-
isms in natural environments (Baek et al. 2003; Filipowicz 
et al. 2017; Krastanov et al. 2013; van Schie and Young 2000; 
Vedler et al. 2013) and also in coke plant effluent processing 
biological units (Table 3). In the latter case, most important 
bacterial species belong to the genera Alcaligenes, Castel-
laniella, Comamonas, Pseudomonas and Thauera (Felföldi 
et al. 2010; Ma et al. 2015a; Manefield et al. 2002; Zhang 
et al. 2004). Several studies have demonstrated that even a sin-
gle aerobic reactor may contain many phenol-degrading spe-
cies and genotypes with different phenol degradation kinetics 
(Felföldi et al. 2010; Mao et al. 2010; Zhang et al. 2004). Such 
diversity of coexisting bacteria could be attributed to the fact 
that the concentration of phenolics often fluctuates in reac-
tors and the composition of aromatic compounds is usually 

very complex resulting in a number of different ecological 
niches (Li et al. 2003; Zhang et al. 2004). Furthermore, genes 
involved in the biodegradation pathways could be acquired by 
horizontal gene transfer (Harayama and Rekik 1989; Peters 
et al. 2004); therefore, loss or gain of plasmids might alter the 
spectrum of phenol degraders even within the same reactor. 
On the other hand, selective and relatively constant conditions 
that are present in wastewater-treating bioreactors possibly do 
not favor maintaining genes responsible for biodegradation on 
mobile genetic elements (Bramucci and Nagarajan 2006).

Anaerobic degradation of aromatic compounds was also 
reported, but with a different strategy as used in aerobic 
metabolism. The central intermediate of these pathways is 
benzoyl-coenzyme A, and during the subsequent transforma-
tions, the ring is opened hydrolytically (Fuchs 2008; Harwood 
et al. 1999; Zhao and Liu 2016; Zhu et al. 2018). Such biodeg-
radation potential was described in the denitrifying bacterium 
Thauera (Anders et al. 1995; Mechichi et al. 2002), which 
was also detected in anaerobic coke effluent treatment reactors 
(Ma et al. 2015a), and the phenomenon of phenol biodeg-
radation under anaerobic and/or denitrifying conditions was 
reported several times in laboratory-scale systems (Beristain-
Cardoso et al. 2009; Li et al. 2003; Vázquez et al. 2006).

Although the removal of phenolics is usually carried 
out by bacteria, some fungi (Aspergillus sp., Fusarium sp., 

Table 3   Functionally important bacteria in coke plant effluent-treating bioreactors

Genus System type Function References

Acinetobacter Activated sludge, biofilm Heterotrophic nitrification Liu et al. (2015), Ma et al. (2015b), Ziembińska-
Buczyńska et al. (2019)

Alcaligenes Activated sludge, biofilm Phenol degradation Felföldi et al. (2010), Zhang et al. (2004), 
Ziembińska-Buczyńska et al. (2019)

Azoarcus Activated sludge Denitrification Ma et al. (2015a, b)
Castellaniella Activated sludge Phenol degradation, denitrification Felföldi et al. (2010)
Comamonas Activated sludge Phenol degradation, denitrification Felföldi et al. (2010), Jia et al. (2016), Ma et al. 

(2015a, b), Meng et al. (2016), Raper et al. (2019b), 
Zhu et al. (2015), 2017)

Nitrobacter Activated sludge Autotrophic nitrification (nitrite oxidation) Zhu et al. (2015)
Nitrosomonas Activated sludge, biofilm Autotrophic nitrification (ammonia oxidation) Ma et al. (2015a, b), Meng et al. (2016), Zhu et al. 

(2015), Ziembińska-Buczyńska et al. (2019)
Nitrosospira Activated sludge Autotrophic nitrification (ammonia oxidation) Ma et al. (2015a)
Nitrospira Activated sludge Autotrophic nitrification (nitrite oxidation) Jia et al. (2016), Ma et al. (2015a, b)
Ottowia Activated sludge Floc formation, phenol degradation Felföldi et al. (2010, 2011)
Pseudomonas Activated sludge, biofilm Phenol degradation, heterotrophic nitrifica-

tion, denitrification
Banerjee (1996), El-Sayed et al. (2003), Felföldi et al. 

(2010), Ma et al. (2015b), Zhu et al. (2012, 2015, 
2017), Ziembińska-Buczyńska et al. (2019)

Thauera Activated sludge Phenol degradation, denitrification Jia et al. (2016), Ma et al. (2015a), Manefield et al. 
(2002), Mao et al. (2010), Meng et al. (2016), Zhu 
et al. (2015)

Thiobacillus Activated sludge thiocyanate degradation, denitrification Banerjee (1996), Felföldi et al. (2010), Katayama 
et al. (1992), Ma et al. (2015a, b), Meng et al. 
(2016), Raper et al. (2019b), Xu et al. (2016), Zhu 
et al. (2015, 2017)
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Penicillium sp., Graphium sp.) were also isolated from stain-
less steel industry wastewaters that are capable of phenol 
degradation (Santos and Linardi 2004) or were reported to 
be able to degrade phenolic compounds present in coking 
wastewater (Lu et al. 2009).

Removal of other organic compounds (e.g., PAHs) could 
be also achieved through biological processes, but adsorp-
tion to activated sludge particles may also contribute signifi-
cantly to their elimination in the biological treatment units 
(Zhang et al. 2012; Zhao et al. 2018).

Thiocyanate‑degrading bacteria

Thiocyanate can be utilized as energy, carbon, nitrogen 
or sulfur source for microorganisms (Sorokin et al. 2001). 
There are two bacterial biodegradation pathways of this 
compound that result in the same end products but differ in 
the main intermediate metabolite (Caspi et al. 2018; Ebbs 
2004; Hung and Pavlostathis 1997; Katayama et al. 1992; 
Stratford et al. 1994; Youatt 1954); the cyanate pathway 
(using the key enzyme cyanase):

and the carbonyl sulfide pathway (using the key enzyme 
thiocyanate hydrolase):

Such aerobic biodegradation routes of thiocyanate could 
lower the pH of the environment through the oxidation of 
the produced hydrogen sulfide to sulfuric acid (Sorokin et al. 
2001; Staib and Lant 2007):

Several autotrophic and heterotrophic bacterial species 
belonging to various genera were reported to be capable of 
thiocyanate removal in pure or mixed cultures, some of them 
even under anaerobic and alkalophilic conditions: Klebsiella 
(Lee et al. 2003), Methylobacterium (Wood et al. 1998), Par-
acoccus (Katayama et al. 1995), Pseudomonas (Karavaiko 
et al. 2000; Mekuto et al. 2016), Thiohalobacter (Oshiki 
et al. 2019; Sorokin et al. 2010), Thiohalophilus (Sorokin 
et al. 2007) and Thioalkalivibrio (Sorokin et al. 2001, 2002, 
2004). However, thiocyanate degradation in coke effluent-
treating systems was almost exclusively assigned to Thio-
bacillus (e.g., T. thioparus, formerly known as T. thiocy-
anoxidans) (Ma et al. 2015a; Raper et al. 2019b; Xu et al. 

(1)
SCN− + H2O → CNO− + H2S (hydrolysis of the C−S bond)

(2)CNO− + HCO−

3
+ 3H+

→ NH+

4
+ 2CO2

(3)
SCN− + 2H2O → COS + NH3 + OH−

(hydrolysis of the triple C−N bond)

(4)COS + H2O → H2S + CO2

(5)H2S + 2O2 → H2SO4

2016). Nevertheless, cultivation-independent studies have 
revealed that yet unknown bacteria may also be involved in 
the process (Shoji et al. 2014). Interestingly, there is a fungal 
species, Acremonium strictum (formerly Cephalosporium 
acremonium), that was isolated from coking wastewater 
and is also capable of thiocyanate biodegradation (Kwon 
et al. 2002).

Some compounds present at high concentration in the 
coke plant effluent could be inhibitory for thiocyanate bio-
degradation, e.g., ammonium (if its concentration is higher 
than 300 mg/L) or phenols (if higher than 180 mg/L) (Raper 
et al. 2019b).

Bacteria responsible for nitrogen removal: nitrifying 
and denitrifying bacteria

Nitrogen (ammonia) removal in the biological unit could 
be achieved with a combination of the aerobic nitrification 
(ammonia to nitrate) and anaerobic denitrification (nitrate 
to nitrogen gas) processes in two separate bioreactors (see 
“Appendix”). If the anaerobic reactor is the first in the reac-
tor cascade, denitrification takes place in the beginning, 
and to supply electron acceptors for the process nitrate is 
often channeled back from a subsequent aerobic bioreactor 
(Maranón et al. 2008). Ammonia is present in the chemically 
treated coke plant effluent itself; however, it is generated bio-
logically during the degradation of NHCs and thiocyanate 
(see Eqs. 2–3; Table 1).

In the case of aerobic autotrophic nitrification, ammo-
nia is oxidized to nitrate via nitrite by two phylogeneti-
cally distinct chemolithotrophic bacterial groups (ammo-
nia- and nitrite-oxidizing bacteria), which is coupled with 
CO2-fixation and requires oxygen as electron acceptor (Bock 
and Wagner 2013). Ammonia is oxidized to hydroxylamine 
first and further to nitrite by two enzymes ammonia monoox-
ygenase and hydroxylamine oxidoreductase, respectively. 
The generated nitrite is oxidized to nitrate by the nitrite oxi-
doreductase enzyme of the nitrite-oxidizing bacteria. Some 
Nitrospira are able to perform complete ammonia oxidation 
(comammox) to nitrate (Daims et al. 2015), although such 
comammox bacteria have not been detected yet in bioreac-
tors fed with coking wastewater.

Optimal operation parameters for both nitrifying groups 
(temperature, 20–35 °C; dissolved oxygen concentration, 
3–6 mg/L; and pH, 6.5–8.5; Geets et al. 2006; Kim et al. 
2007; Raper et al. 2018a) are necessary for satisfactory bio-
reactor performance (see also “Appendix”). The nitrification 
process could be inhibited by several compounds present 
in the coke effluent (Zhao and Liu 2016), such as phenol 
and thiocyanate at concentration higher than 100–200 mg/L 
(Kim et al. 2008b), and cyanide higher than 0.1–0.2 mg/L 
(Kim et al. 2007, 2008b; Ryu et al. 2009). Furthermore, 
nitrite-oxidizing bacteria are more sensitive to low and 
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fluctuating dissolved oxygen concentration than ammonia-
oxidizing bacteria (Philips et al. 2002). Under low dissolved 
oxygen concentration or even anoxic conditions, ammonia-
oxidizing bacteria are capable of denitrification using alter-
native electron acceptors (nitrite) (Bock and Wagner 2013). 
Additionally, cyanate (CNO−), which could be formed dur-
ing the oxidation of thiocyanate (Eq. 1), may be used as 
energy source and converted to nitrate by some nitrifiers 
(Palatinszky et al. 2015), but this process has not been con-
firmed in the case of coke plant effluent-treating bioreactors.

In coking wastewater-treating bioreactors, ammonia oxi-
dizers Nitrosomonas and Nitrosospira and nitrite oxidizers 
Nitrospira and Nitrobacter were detected previously (Ma 
et al. 2015a; Meng et al. 2016; Zhu et al. 2015). However, it 
has been recently presumed that heterotrophic nitrification in 
coke plant effluent-treating bioreactors could be in many cases 
more important than autotrophic, and genera like Acinetobac-
ter, Comamonas, Pseudomonas and Thauera may be the key 
microorganisms in this process and possibly outcompete auto-
trophs due to the high amount of organic compounds present 
in the treated wastewater (Liu et al. 2015; Ma et al. 2015a, b; 
Yang et al. 2017; Ziembińska-Buczyńska et al. 2019).

During the denitrification process, heterotrophic microor-
ganisms typically under anaerobic conditions reduce nitrate 
first to nitrite, then to different nitrogen–oxides and finally 
to nitrogen gas (Ruiz et al. 2005). Among various enzymes 
involved in the denitrification process, nitrate reductase is 
partly, whereas nitrite reductase is completely inhibited by 
dissolved oxygen concentration higher than 5.6 mg/L, and 
high nitrate concentration is also inhibitory to the nitrite 
reductase enzyme (Philips et al. 2002). There are several 
genera which could perform denitrification in bioreactors 
operating with coking wastewater, probably the most impor-
tant are Azoarcus, Comamonas and Thauera (Table 3).

Some genera may have dual role in the bioreactors and 
conduct not only denitrification but organic compound or 
thiocyanate removal in parallel. Some members of, e.g., 
Comamonas and Thauera are able to perform denitrifica-
tion (Brenner et al. 2005; Gumaelius et al. 2001), but these 
genera were reported as effective phenol degraders even in 
coke effluent-treating bioreactors (Felföldi et al. 2010; Mao 
et al. 2010; Qiao et al. 2018). Thiobacillus dentirificans is 
capable for denitrification with reduced inorganic sulfur spe-
cies (Brenner et al. 2005) (e.g., with the H2S which is gener-
ated during the biodegradation of thiocyanate; Eqs. 1 and 4), 
and it was reported that Thiobacillus may represent a major 
component of the total bacterial community in bioreactors 
operating with coking wastewater (Ma et al. 2015a; Raper 
et al. 2019b). Removal of some NHCs could be achieved 
under anoxic conditions by denitrifiers that use NHCs both 
as carbon source and electron donor and simultaneously 
remove nitrate by utilizing it as electron acceptor and con-
sequently transforming it to nitrogen gas (Li et al. 2001).

Floc‑forming bacteria

Although there are fixed-film systems available and the pres-
ence of extracellular polymeric substances in biofilms may 
prevent bacteria from the harmful effect of contaminants 
(Ziembińska-Buczyńska et al. 2019), biological treatment 
of coking wastewater is mainly carried out using activated 
sludge-based technologies (Zhu et al. 2017).

Activated sludge systems perform two main processes, 
the biotransformation of soluble substrates (or particulate 
material that is solubilized by microorganisms) and the 
flocculation of newly formed biomass (Horan 2003; Bitton 
2011). Sludge flocs may vary in shape and size from a few 
μm up to some mm, but usually have an average diameter 
around 50–180 µm (Schmid et al. 2003; Han et al. 2012) 
(Fig. 1). Besides bacterial cells, flocs contain organic and 
inorganic particles (as well as eukaryotic microorganisms 
if the concentration of toxic compounds is relatively low) 
(Horan 2003). It should be noted that significant heterogene-
ity is present in these small structures (e.g., in aerated reac-
tors the inner part of flocs may be anoxic or even anaerobic) 
and such diverse microhabitats allow high bacterial diversity 
(Han et al. 2012; Wu et al. 1987). Filamentous bacteria may 
also be present in activated sludge bioreactors. However, 
increasing number of filaments results in poor sludge settling 
characteristics (Schmid et al. 2003).

Some floc-forming strains of the genus Ottowia were iso-
lated from bioreactors treating coke plant effluents (Felföldi 
et al. 2011; Geng et al. 2014) (Fig. 1) and were suggested 
to be important structural and functional members of the 
bacterial communities of the reactors.

Conclusions for future biology

Microorganisms perform similar activity in artificial envi-
ronments (e.g., in bioreactors) as in natural environments, 
and biological removal of contaminants in many cases pro-
vides a cost-effective and environmental-friendly alternative 
compared to chemical treatment or incineration (Bramucci 
and Nagarajan 2006; Chen et al. 2017; Zhao and Liu 2016). 
Parameters monitored during the operation of bioreactors 
usually refer to composite function (e.g., biological oxygen 
demand) or macroscopic characteristic (e.g., settling) (Bra-
mucci and Nagarajan 2006). However, the processes that are 
responsible for the observed phenomena and measured val-
ues are conducted by microorganisms. This review aimed to 
open the ``black box’’ of microbial activity and provided a 
theoretical (i.e., microbiological) basis for technical issues, 
since a better understanding the background of biological 
processes (at molecular, cellular or community level), which 
are responsible for the removal of a particular contaminant, 
helps the optimization of treatment technologies and aids the 
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design of new management techniques. Nevertheless, prob-
lematic processes still exist during the biological treatment 
of coke plant effluents, like fine-tuning of nitrogen removal 
or the elimination of recalcitrant organic compounds (Raper 
et al. 2018a; Zhu et al. 2018). Recently, the effective combi-
nation of biological systems with physicochemical purifica-
tion processes is a promising trend to enhance the removal 
efficiency of refractory pollutants (Zhu et al. 2018). Such 
improvements are indispensable for the continuously increas-
ing demand for available clean water. Furthermore, develop-
ing newer water-saving technologies in iron and steel indus-
try, the utilization of alternative water sources (i.e., replacing 
a portion of freshwater with rain water, mine water and 
reclaimed water from urban wastewater treatment plants), 
recycling and reusing of treated coking wastewater could also 
contribute to environmental protection (Tong et al. 2018).

On the other hand, the harsh environment of coke plant 
effluent-treating bioreactors harbors (Ma et al. 2015a; Shoji 
et al. 2014) and therefore represents a source of previously 
uncultivated bacteria. In the last years, several novel spe-
cies and genera have been described from such bioreactors 
(Cao et al. 2014; Felföldi et al. 2011, 2014a, b; Geng et al. 
2014, 2015; Ren et al. 2015). Isolated strains and cocultures 
contribute to understand the ecology and phenotypic fea-
tures of bacteria, therefore describing global biodiversity, 
but they can be also applied for bioaugmentation to enhance 
the performance of the biological treatment unit and com-
munity assembly during reactor setup or after a reactor fail-
ure (Raper et al. 2018b; Zhu et al. 2015, 2018).
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Appendix

Case study: An example of a laboratory-scale O/O/A sys-
tem treating coke plant effluent (Tamás Felföldi, Katalin 
Barkács, Róbert Gorál and Károly Márialigeti, unpublished 
results). Abbreviations: COD—chemical oxygen demand, 
DMC—dry matter content, dO2—dissolved oxygen concen-
tration, HRT—hydraulic retention time, IC—inorganic car-
bon, Recirc—recirculation ratio, SVI—sludge volume index, 
TOC—total organic carbon, TN—total nitrogen, Vol—work-
ing volume, n.m.—not measured, n.a.—not applicable. Sym-
bol ``+’’ means that the component increased.

Fig. 1   Micrographs of various floc structures. a–c. Activated sludge 
flocs from different reactors of a laboratory-scale system treat-
ing coke plant effluent (see “Appendix”; a: aerobic reactor for the 

removal of phenols and thiocyanate, b: aerobic nitrification reactor, c: 
anoxic denitrification reactor); d. Flocs of Ottowia pentelensis PB3-
7BT in liquid culture. Scale bar: 25 μm

http://creativecommons.org/licenses/by/4.0/
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