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ABSTRACT 

BACKGROUND 

Bioaugmentation and biostimulation were investigated for their ability to improve the 

removal of thiocyanate (SCN-), polycyclic aromatic hydrocarbons (PAHs), phenol and trace 

metals in coke wastewater. Additionally, the ability of the microorganisms supplemented 

with the bioaugmentation product to survive in a simulated river water discharge was 

evaluated.  

RESULTS 

A commercially available bioaugmentation product composed mainly of Bacillus sp. was 

mixed with activated sludge biomass.  A dose of 0.5 g/L increased the removal of Ʃ6PAHs 

(sum of fluoranthene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, 

indeno[1,2,3-cd]pyrene and benzo[g,h,i]perylene) by 51% and reduced SCN- below 4 mg/L 

enabling compliance with the EU Industrial Emissions Directive (IED). Biostimulation 
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(supplementing micronutrients and alkalinity) allowed compliance for both SCN- and phenol 

(<0.5 mg/L).  

Bacillus sp. accounted for 4.4% of the microbial population after 25 hours (1.5 g/L dose) 

which declined to 0.06% after exposure to river water (24 hours). Exposure of the activated 

sludge biomass to river water resulted in a 98.6% decline in viable cell counts. 

CONCLUSION 

To comply with the IED, bioaugmentation and biostimulation are recommended for the  

treatment of coke wastewater to enable an effluent Ʃ6PAHs of 6.6 µg/L, 0.3 mg/L phenol and  

1.2 mg/L SCN-. Such techniques are not anticipated to impact on downstream river water  

quality.  
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INTRODUCTION 

 

Bioaugmentation involves the addition of microorganisms, selected for their specialised 

characteristics, to a treatment process in order to enhance removal of target pollutants whilst 

biostimulation involves the addition of supplements such as nutrients and micronutrients to 

improve microbial metabolism and consequently improve treatment efficiencies 1,2. 

Bioaugmentation and biostimulation, therefore, offer different routes by which an activated 

sludge process (ASP) can be upgraded to treat persistent pollutants. Bioaugmentation has 
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been demonstrated to successfully improve the treatment of many industrial wastewaters 

whilst biostimulation has been reported to be important in nutrient limited industrial 

wastewaters  3–8.  

 

Coke wastewaters are formed in the production of coke, used in steel manufacturing, and 

originate from the quenching of hot coke masses, washing of ammonia stills and cooling and 

washing of coke oven gases 9. Coke wastewaters contain a mixture of nitrogenous 

compounds and organic compounds, the concentrations of which are highly variable in 

response to the composition of the coals used in the coke ovens and the operational 

conditions 10. Coke wastewaters are typically characterised by ammonia concentrations of 50  

- 500 mg/L, thiocyanate (SCN-) concentrations of 100 - 400 mg/L and phenol concentrations 

of 60 – 400 mg/L  4,10,11. The sum of 6 polycyclic aromatic hydrocarbons (Ʃ6PAHs:  sum of 

fluoranthene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-

cd]pyrene and benzo[g,h,i]perylene) was previously reported at 179 ±35 µg/L 12. Total trace 

metals (sum of Al, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cd and Pb) were also reported at a 

concentration of 4216 µg/L with individual trace metal concentrations ranging from 0.13 

µg/L (Cd) to 3612 µg/L (Fe) 12. These wastewaters are regulated under the Industrial 

Emissions Directive (IED) and emission limits introduced in 2016 require that effluents are 

characterised by  <4 mg/L SCN-, <50 µg/L Σ6PAHs, <0.5 mg/L phenols and <1000 µg/L 

trace metals (sum of arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), 

nickel (Ni), zinc (Zn) and mercury (Hg)) 13.  

 

Coke wastewaters are typically treated through an ASP. Bioaugmentation has been shown to 

be successful in increasing the removal of phenol from industrial wastewaters. Duque et al. 7 
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added a 2-fluorophenol degrading strain to a rotating biological contactor and demonstrated 

the ability of the strain to enable 2-fluorophenol degradation up to 50 mg/L. The strain was 

also able to cope with periods of substrate absence. Furthermore, the addition of phenol 

degrading bacteria to a biological contact oxidation reactor improved total phenol removal 

from 66% to 80% 14. Removal of phenol from coke wastewater was considered by Zhu, Tian 

and Chen 15 who isolated two different strains of Pseudomonas (sp.PCT01 and PTS02). In 

synthetic wastewaters both strains performed similarly at phenol concentrations of ca. 235 

and 460 mg/L, completely degrading the phenol within ca. 9 and 18 h respectively. In actual 

coke wastewater, with maximum phenol concentrations of 450 mg/L, degradation rates were 

reduced for both species.  Although the investigation successfully isolated phenol degrading  

bacteria, the investigation used pure cells and did not investigate the ability of the added 

strains to survive in a mixed culture. 

 

Biostimulation has been shown to have great potential for improved removal of PAHs. Sun et 

al. 16 researched the impact of both bioaugmentation and biostimulation on the removal of 

PAHs from soil at a former coke work sites. Over 3 months total PAH concentrations 

dropped by 24% under control conditions, 35.9% with bioaugmentation and by 59% with 

biostimulation. Combined bioaugmentation and biostimulation resulted in only small 

improvements in total PAH removal compared to biostimulation alone, however, the 

combined action of biostimulation and bioaugmentation led to increased removal of heavy 

molecular weight PAHs. Bioaugmentation therefore had an important role in the removal of 

heavy molecular weight PAHs. Nutrient addition was also demonstrated to be important in 

the establishment of a cyanide degrading consortium treating effluent from a coke wastewater 

pre-denitrification ASP 17. 
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Whilst many studies have considered the ability of exogenous microorganisms to survive 

within a wastewater treatment process to be an important aspect of bioaugmentation, no study 

has considered the survivability in the receiving waterbody after treated effluent is discharged 

from an ASP. Survival of exogenous microorganisms in the receiving waterbody may result 

in ecological impacts which could potentially be detrimental to the balance of the ecosystem. 

Domestic wastewater treatment plants, for example, have been confirmed as sources of 

nitrifying bacteria in freshwater bodies 18. Whilst the seeding of nitrifying bacteria was 

typically beneficial in this study, introduction of other species could potentially have 

detrimental impacts to the ecosystem as a result of changes in the composition of the bacterial 

population. The question therefore exists whether microorganisms supplemented through 

bioaugmentation are able to survive in ASP and subsequently receiving water bodies, 

opening up the possibility for negative impacts in the natural environment.  

  

Although the full-scale coke wastewater treatment plant is capable of achieving high 

removals for many pollutants, the high variability of the coke wastewater composition means 

that the ASP is not able to consistently meet the new IED emission limits, particularly for 

Ʃ6PAHs. Removal of Ʃ6PAHs to the emission limit of 50 µg/L is challenging, as coke 

making wastewaters are characterised by an abundance of heavy molecular weight PAHs 

which are characterised by high n-octanol/water partition coefficients (log Kow) 19,20. Of the 

PAHs investigated, log Kow values range from 5.12 - 7.66 21,22. Additionally, although SCN- 

removals are high, typically 99%, the treatment of SCN- has been recognised for its 

sensitivity 23. When instability occurs in the treatment process thiocyanate removals are the 

first to decline after nitrification. Bioaugmentation and biostimulation may provide the 

answer. Despite this, bioaugmentation for the removal of PAHs has focussed on the treatment 

of contaminated soils and groundwater rather ASP applications 16,24. 
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This study is an initial investigation to understand whether bioaugmentation or biostimulation 

could enhance the removal of PAHs and SCN- from coke wastewater to enable consistent 

compliance with the IED. The potential of bioaugmentation to remove SCN- from coke 

wastewater was investigated for the first time. Furthermore, the survivability of 

microorganisms supplemented through a bioaugmentation product in a simulated river water 

discharge was investigated, targeting a gap in knowledge within the field of bioaugmentation.  

 

EXPERIMENTAL  

 

Coke wastewater and activated sludge seed 

Coke wastewater was collected from a full-scale, wastewater treatment plant treating coke 

wastewater from a steel producing works. The wastewater had been subjected to tar 

separation and ammonia stripping and then combined with site drainage wastewater. Biomass 

used in batch tests was taken from the sites ASP operating under aerobic conditions and at a 

hydraulic retention time (HRT) of ca. 25 hours.  Aeration was provided via a Vitox oxygen 

injection system. Temperature was maintained between 20 and 25oC.  Biomass was 

characterised by a sludge age of approximately 38 days.  

  

Batch tests to assess effectiveness of bioaugmentation towards pollutant removal and 
viability 

 

Batch tests were conducted to assess the impact of bioaugmentation and biostimulation 

(micronutrient/alkalinity addition) on the treatment of SCN-, Ʃ6PAHs, phenol and trace 

metals in the coke making wastewater.  Coke wastewater and activated sludge biomass were 
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combined to produce a mixed liquor suspended solids (MLSS) of 5400 mg/L replicating the 

full-scale ASP MLSS concentrations. Samples were placed in Erlenmeyer flasks on an 

incubated shaker plate (Grant-bio Orbital Shaker - Incubator ES-80) at 190 rpm (previously 

optimised to ensure a dissolve oxygen of 3 mg/L, comparable to the full-scale vitox system) 

and a temperature of 25oC, for 25 hours to simulate the full-scale ASP. Samples were 

replicated in at least duplicate. The impact of alkalinity addition, micronutrient addition and 

bioaugmentation was investigated by spiking the coke wastewater. Alkalinity was added at 

the previously optimised dose of 300 mg/L (as CaCO3) through the addition of sodium 

carbonate (Na2CO3) 25. A micronutrient solution was designed taking account of the coke 

wastewater characterisation and activated sludge nutrient requirements reported by Burgess, 

Quarmby and Stephenson 6 (Table I). A commercially available bioaugmentation product was 

added at doses of 0.1, 0.5 and 1.5 g/L. Reported bioaugmentation doses vary significantly 

from 0.007 to 0.75 g/L, and do not appear to correlate to pollutant concentration. Therefore, 

doses tested in this study were selected to cover a broad range which would be feasible for 

full-scale applications 4,26. Samples were taken regularly. Thiocyanate was analysed at 0, 10, 

13, 17, and 25 h. Phenol, sum nitrogen (sum of nitrite-nitrogen (NO2
--N), nitrate-nitrogen 

(NO3
--N), ammonia-nitrogen (NH4

+-N) and thiocyanate-nitrogen (SCN--N)), soluble 

chemical oxygen demand (sCOD), PAHs and trace metals were analysed at 0 and 25 h.  

 

Table I: Composition of micronutrient solution used in batch tests. 

 

Batch tests to investigate viability of the bioaugmentation product 
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Samples of mixed liquor were taken from the batch tests at 0 h and 25 h to assess the ability 

of the microorganisms supplemented through the bioaugmentation product to survive. 

Additionally, further batch tests were completed to mimic the effluent discharge into a 

receiving river water taking into consideration an existing real scenario. Mixed liquor from 

the bioaugmentation batch tests was diluted with river water at a ratio of 1:1,690 to account 

for the dilution effect upon discharge according to typical river water volumes of the river 

receiving discharge from the full-scale treatment plant. The mixed liquor and river water 

batch tests were placed on an incubated shaker plate at 190 rpm and a temperature of 25oC. 

Furthermore, a worst-case scenario approach was used and it was assumed that removal of 

activated sludge microorganisms from the effluent was low, due to poor settling in the 

secondary sedimentation tank in the wastewater treatment plant.  

 

Chemical analysis 

 

Samples were immediately filtered through 0.45 µm filters (VacuCap 90, Pall Corporation). 

Nitrite-nitrogen, NO3
--N, NH4

+-N and sCOD were analysed using Merck cell test kits 

according to the manufacturer’s instructions. Thiocyanate was analysed colourmetrically by 

complex reaction with iron (III) at a wavelength of 465 nm (based on The Institute of Gas 

Engineers analytical method for thiocyanate) 27. Phenol (mono) was analysed by complex 

reaction with 4-aminoantipyrene at a wavelength of 510 nm (based on ISO 6439:1990) 28. 

Both were analysed using a UNICAM spectrophotometer. pH was recorded using a Jenway 

3540 pH meter (UK). Total nitrogen was calculated through the sum of NO2
--N, NO3

--N, 

NH4
+-N and SCN--N. Although TN is defined as containing organic nitrogen, coke 

wastewaters contain very little organic nitrogen and therefore the method used is a good 
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approximation 29. Total suspended solids were analysed according to standard methods 30. 

Trace metals were analysed by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) 

according to BS EN 14385:2004 31. Polycyclic aromatic hydrocarbons were extracted using 

dichloromethane  and then analysed by Gas Chromatography Mass Spectrometry according 

to US EPA Method 8270 32. Data was analysed using a paired T-Test with 95% confidence 

level. 

 

Bacterial speciation and viability 

 

Flow cytometry was used to count the number of viable cells in the batch test samples based 

on the method described by Lipphaus et al. 33. Samples were diluted with Evian water (Evian, 

Évian-les-Bains, France), filter-sterilized through a 0.2 µm filter and stained using SYBR® 

Green I (Life Technologies Ltd., Paisley, UK) and propidium iodide (Life Technologies Ltd., 

Paisley, UK) as staining agents. A vortex mixer was used to ensure cells were evenly 

distributed and to ensure effective staining. Samples were then incubated for 13 minutes at  

37°C before being analysed on the flow cytometer, BD Accuri C6 with a 488nm solid-state  

laser (Becton Dickinson U.K. Ltd., Oxford, UK), using the standard gate method 34. In cells  

with membrane damage the propidium iodide partially replaces the SYBR® Green I, a  

change which is detected primarily in the FL3 detector (emission filter 670 LP). Viable cell  

counts can therefore be obtained by excluding propidium iodide fluorescent cells from the  

remaining SYBR® Green I stained cell count.  
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Polymerase chain reaction (PCR) was used to identify different microbial genera and species 

present in the bioaugmentation and river simulated batch tests. River simulation samples 

which were aqueous in nature were filtered through a sterile 0.2 µm membrane polycarbonate 

filter (GE Life Sciences, UK) and placed in a lysing matrix tube, whilst mixed liquor from the 

batch tests was placed directly in the lysing matrix tube. Deoxyribonucleic acid (DNA) was 

extracted using the MPBIO FastDNA Spin Kit for soil (Santa Ana, USA). The V4 and V5 

regions of the 16S ribosomal RNA gene were targeted with the universal primers 515F and 

926R 35. Error correcting golay barcodes enabled sample multiplexing 36. HighPrep magnetic 

beads (Magbio, Gaithersburg USA) were used to purify the PCR products which were 

subsequently purified using QuantiFluor ONE (Promega, Madison USA).  An equimolar pool  

of amplicons was sequenced using Illumina MiSeq with 2x300 v2 chemistry (Illumina, San  

Diego USA).  The number of reads per sample varied from 338000 to 1.6M after quality  

filtering. The sequences were analysed using QIIME 1.9 37  and were grouped at 97%  

similarity to create operational taxonomic units (OTUs). Representative sequences from each  

OTU were then taxonomically assigned using the SILVA 16S rRNA gene database v123.1 38.  

The identification of a sequence which matched unambiguously to a sequence in the database  

at a 97% similarity gave an exact species identification. An 16S sequence unambiguously  

matched to a database sequence but for which the taxonomy was unavailable resulted in a  

species being defined as “uncultured”. A 16S sequence which was identical to more than one  

sequence of the genus (at a 97% similarity) was defined as “ambiguous”. A 16S sequence for  

which the species data did not exist but was identified at genus level was defined as “other”.  

Data was analysed using a paired T-Test with 95% confidence level.  
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RESULTS AND DISCUSSION 

Coke wastewater characterisation 

On average the full-scale coke making wastewater contained 221 mg/L of phenol and 195 

mg/L of thiocyanate (SCN-) (Table II). Trace metal concentrations ranged from 0.13 µg/L Cd 

to 3612 µg/L Fe. Therefore, Fe constituted the majority of the total trace metals measured at 

4216 µg/L (Table II). The Σ6PAHs presented typical total concentrations of 179 µg/L. 

Individual PAHs varied from 13.6 µg/L (benzo[g,h,i]perylene) to 64.4 µg/L (fluoranthene). 

The new emission limit for the Σ6PAHs to achieve following treatment is 50 µg/L, hence 

effective treatment of PAHs in the treatment facility is crucial to achieve the required limit 13.  

 

Table II: Coke wastewater characterisation. 

 

Impact of bioaugmentation and biostimulation on SCN- removal 

 

Thiocyanate degradation took place in 3 phases: acclimatisation, rapid degradation and 

reduced degradation. During the 3 phases the concentration of SCN- was significantly 

different, according to T-test statistical analysis. Under control conditions SCN- declined by 

58 mg/L over the first 13 hours as the biomass became acclimatised to the wastewater. After 

this acclimatisation, the SCN- declined rapidly by 58 mg/L in 4 hours. The degradation then 

continued at a reduced rate with a further decline of 38 mg/L between 17 hours and 25 hours 

(Figure I). All test conditions demonstrated this 3-phase removal trend. 

 



12 
 

Figure I: Impact of bioaugmentation and biostimulation on SCN- degradation ○ - Control, 

□ -micronutrients, ∆ - alkalinity and bioaugmentation doses of ● - 0.1 g/L ■ - 0.5 g/L ▲- 

1.5 g/L. 

 

The addition of micronutrients led to a 9% increase in degradation, in the first 10 hours, 

compared to control conditions with SCN- concentrations decreasing to 108 ± 11 mg/L. This 

increased degradation continued with a 12% improvement at 13 hours and a more substantial 

39% improvement being observed at 17 hours. After 25 hours, SCN- concentrations fell to 

0.7 ± 1.2 mg/L compared to 2.7 ± 4.6 mg/L under control conditions allowing consistent 

compliance with the <4 mg/L SCN- emission limit. The addition of micronutrients therefore 

had a marked benefit on SCN- degradation kinetics and enabled a small but important 

improvement in SCN- degradation after 25 hours, ensuring compliance with the IED. This 

suggests that coke wastewater does not contain the required micronutrients for the indigenous 

SCN- degraders, which is a common occurrence in industrial wastewater 6. Similar to 

micronutrient addition, the provision of alkalinity improved SCN- removal. After 13 hours of 

incubation in batch tests, there was a 16% difference in SCN- removal between the control 

and tests with added alkalinity. Whilst this difference declined to 1.7% at 25 hours, 

degradation of SCN- was complete, therefore alkalinity addition could also ensure 

compliance with the 4 mg/L SCN- emission limit.  The activated sludge used in these tests 

had a high abundance of Thiobacillus (26%) (Figure II), which are species known to be 

involved in SCN- degradation. As SCN- degraders are autotrophic in nature, the improved 

SCN- removal through biostimulation may be associated with the increased concentrations of 

the required micronutrients or inorganic carbon associated with alkalinity addition which may  

be utilised by autotrophic thiocyanate degraders present in the biomass 23,39.  
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Figure II: Operational taxonomic unit (OTU) abundance □ Bioaugmentation product ■ 

Indigenous activated sludge biomass  Bioaugmentation batch test effluent (1.5 g/L)  

Bioaugmentation batch test effluent (1.5 g/L) after 25 hours contact with river water.  

 

A bioaugmentation dose of 0.1 g/L resulted in a similar degradation trend to control 

conditions in the first 13 hours. However, final SCN- concentrations at 25 hours were higher 

than under control conditions at 4.3 ± 2 mg/L. The addition of bioaugmentation product at 0.1 

g/L therefore offered no benefit to SCN- degradation over a 25 hour period. At an increased 

dose of 0.5 g/L there was a notable delay in the time required for degradation to proceed. 

This delay may be associated with the acclimatisation required for the bioaugmented bacteria 

to adapt to the wastewater conditions or increased competition between species 40. Despite 

the initial delay in degradation, by 13 hours the average SCN-  concentration was comparable 

to control conditions at 95 ± 17 mg/L. At 25 hours the final SCN- concentration was 0.7 ± 

1.2. This therefore offered a small improvement compared with control tests and ensured 

compliance with the emission limit. A dose of 1.5 g/L resulted in complete degradation of 

SCN- and after time 17h of incubation, the SCN- concentration was significantly different 

from the control. The bioaugmentation product was dominated by Bacillus species including 

Bacillus cereus (54%) and Bacillus other (37%)). Mycobacterium (other) were present at an  

abundance of 9%. Improved degradation may therefore be associated with the  

bioaugmentation product as some Bacillus sp. are associated with SCN- removal 41.  

  

Impact of bioaugmentation and biostimulation on Ʃ6PAH removal  
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The IED applies to total PAHs and compliance with the 50 µg/L emission limit is 

challenging.  As the PAHs need to be solubilised in order for microbial degradation to occur 

a focus was therefore given on the ability of bioaugmentation and biostimulation to improve 

the removal of dissolved PAHs (Table III). The concentration of Ʃ6PAHs, under control 

conditions, increased from 3.5 µg/L to 13.4 µg/L after 25 hours. This increase is believed to 

result from desorption of PAHs from the suspended biomass solids. After 25 hours, under 

control conditions, benzo[a]pyrene and benzo[b/k]fluoranthene, both characterised by a 

molecular weight of 252 g/mol accounted for 66% of the Ʃ6PAHs at a concentration of 5.2 

and 3.6 µg/L respectively. The higher the number of fused rings in a PAH compound the 

higher the molecular weight and greater the persistence of the compound.  Indeno[1,2,3-

cd)perylene and benzo[g,h,i]perylene, both with a molecular weight of 276 g/mol, had lower 

concentrations of 1.7 and 1.9 µg/L respectively. As they are characterised by higher 

molecular weights their lower concentration may be explained by lower rates of desorption. 

Fluoranthene, characterised by the lowest molecular weight of 202 g/mol and therefore most 

easily degraded was present at 1.0 µg/L.  

 

The addition of micronutrients led to no improvement in Ʃ6PAHs removal. At 12.7 µg/L 

Ʃ6PAHs were comparable to control conditions (13.4 µg/L). Micronutrient limitations have 

previously noted as a possible cause behind the failure of benzo[a]pyrene degradation 42. 

Despite this, the current investigation suggests that the availability of micronutrients is not a 

limiting factor for the removal of PAHs in coke wastewater. Bioaugmentation, on the other 

hand, was beneficial to the removal of Ʃ6PAHs at a dose of 0.5 g/L. A notable improvement 

in PAH removal was observed with Ʃ6PAHs declining to 6.6 µg/L, representing a 51% 

decrease in Ʃ6PAH concentrations. Lower molecular weight PAHs are more prone to 

microbial attack and degradation which explains the high removal of fluoranthene which 
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declined by 60% to 0.4 µg/L. A 50% reduction was observed for both benzo[b/k]fluoranthene 

and benzo[a]pyrene. For the highest molecular weight compounds, indeno[1,2,3-cd)perylene 

and benzo[g,h,i]perylene, a 53% reduction was also observed with concentrations falling to 

0.8 and 0.9 µg/L respectively. The improved removals were noteworthy due to the abundance 

of heavy molecular weight PAHs. At a lower dose (0.1 g/L) there was no improvement to 

Ʃ6PAH removal (16.4 µg/L). Additionally, tripling the bioaugmentation dose only led to a 

further 10% improvement in Ʃ6PAH removal. 

 

The bioaugmentation product was dominated by Bacillus cereus (54%), Bacillus (other) 

(37%) and Mycobacterium (other) (9%) (Figure III) which have been associated with the 

degradation of a range of PAHs 43,44. For instance, Mycobacterium are known for their good 

catabolic capabilities for PAHs with 5-benzene rings  as they have mycolic acids which aid in 

the uptake of hydrophobic PAHs 44–47. The failure of bioaugmentation at 0.1 g/L suggests that 

the exogenous microorganisms were unable to establish themselves within the activated 

sludge mixed liquor. As higher doses had a positive impact on Ʃ6PAH removal, it is likely 

that the inoculum size at the 0.1 g/L dose was simply insufficient to over-come pressures 

such as grazing by protozoa and or insufficient numbers to be able to compete with the 

indigenous population 48. The increased removal of Ʃ6PAHs at a dose of 0.5 g/L suggests that 

the exogenous microorganisms quickly acclimatised to the wastewater and laboratory 

conditions and enhanced the indigenous population of PAH degrading bacteria. Increased 

doses did not result in substantial improvements in the removal of Ʃ6PAHs suggesting that 

another factor became limiting in the system such as nutrients and carbon. Furthermore, the 

microbial degradation of PAHs can also be limited by the rate at which PAHs can be 

transferred to the microbial cells 47.  
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Table III: Impact of bioaugmentation and biostimulation on effluent PAH concentrations. 

Removals in relation to the control are reported in brackets e.g. (21%). 

 

Impact of bioaugmentation and biostimulation on trace metal removal 

 

The impact of bioaugmentation and biostimulation was subsequently investigated for trace 

metal removal (Table IV). Under control conditions the sum trace metals increased from 47.2 

to 56.4 µg/L. This increase was believed to be the result of desorption from the suspended 

solids which can be impacted by changes to the pH and mass flux balances 49. The addition of 

micronutrients and bioaugmentation led to little impact to the sum trace metal concentration 

(Table IV). Although small improvements were observed through bioaugmentation the 

percentage improvements were within the method uncertainty range and therefore no clear 

conclusions could be drawn about the significance of the data. The main improvement seen 

was for Zn which was reduced from 13 µg/L (control conditions) to 1 µg/L at a dose of 0.1 

g/L and 1.5 g/L. Despite this, at 0.5 g/L Zn removal was lower (9 µg/L) giving an unclear 

correlation between bioaugmentation dose and removal potential. 

 

Table IV: Impact of bioaugmentation and biostimulation on trace metal concentration. 

Removals in relation to the control are reported in brackets e.g. (25%). 

 

Impact of bioaugmentation and biostimulation on sCOD and nitrogen removal 
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The removal for sCOD under control conditions was 97%. Similarly, sCOD remained at 97% 

in all the biostimulation tests and bioaugmentation tests with doses of 0.1 and 0.5 g/L. 

However, at the higher dose of 1.5 g/L, the sCOD removal declined to 88%, with 53 mg/L 

sCOD remaining. This may have resulted from bacterial degradation through endogenous 

metabolism due increased competition and reduced survival 40.  

 

Phenol removals were unaffected by bioaugmentation with all tests showing a removal of 

>98%. Under all conditions phenol was reduced from 74 mg/L to 1 mg/L and below. 

Alkalinity addition led to a reduction in phenol concentration to 0.3 mg/L allowing 

compliance with the <0.5 mg/L emission limit. Ammonia-nitrogen concentrations were 

expected to increase as a result of SCN- degradation 9,39. Alkalinity addition, however, led to 

ammonia-nitrogen removal (Table V) which was consistent with the stimulation of 

autotrophic nitrifying bacteria.  

 

Table V: Impact of bioaugmentation and biostimulation on sCOD, phenol and ammonia-

nitrogen in batch tests after 25 h of incubation. 

 

Bacterial speciation, abundance and viable cell counts 

 

It was important to understand whether the addition of exogenous microorganisms through 

bioaugmentation would impact microorganism speciation in the receiving river waterbody 

and or the viable cell counts present after exposure to river water. A Special Area of 
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Protection (SPA) exists downstream of the discharge point for effluent from the full-scale 

coke wastewater treatment ASP which then subsequently flows into an estuary which is 

designated as a Special Area of Conservation (SAC), under the EU Habitats Directive 50,51. 

As such it is important to understand whether the exogenous microorganisms hold the 

potential to have negative consequences within the receiving waterbody as a result of 

interactions with the native microorganisms such as competition and predation which may 

have further impacts higher up the food chain resulting in further impacts to the ecosystem. 

 

Figure II shows the OTU abundance for the bioaugmentation product, indigenous activated 

sludge biomass, batch test effluent combined with river water and batch test effluent 

combined with river water after 24 hours. It can be observed that the indigenous activated 

sludge biomass was characterised by a high abundance of an uncultured species of 

Thiobacillus (26%), an uncultured species of Mizugakiibacter (13%), an ambiguous species 

of Rhodanobacter (11%) and an ambiguous species of Comamonas (12%). Thiobacillus is 

associated with the degradation of SCN-  whilst Mizugakiibacter and Rhodanobacter have 

been associated with their iron-oxidising and nitrate reducing abilities 39,52.  Comamonas 

bacteria have been associated with a wide range of abilities including the degradation of 

phenol 53.  

 

The abundance of OTUs was tracked in the batch test with the addition of 1.5 g/L of the 

bioaugmentation product. After 25 hours under batch test conditions Bacillus cereus was 

detected, at an abundance of 3.4% whilst Bacillus (other) was detected at an abundance of 

0.96% (Figure II). This suggests that some of the inoculated Bacillus bacteria were 

maintained in the activated sludge. A total abundance of 4.4% Bacillus species suggests that 



19 
 

the population was potentially still able to play a role in the activated sludge like other 

species present in relatively low abundances such as nitrifying bacterial populations which 

account for 3-10% of the bacterial population in an ASP 54.  Long-term studies would be 

required, however, to assess whether the population was sustained or whether maintenance 

dosing would be required 48,55. Mycobacterium on the other hand decreased to an abundance 

of just 0.03%. It is possible that this species was outcompeted by indigenous bacteria or was 

unable to survive in the coke wastewater as a result of toxic compounds such as phenol and 

SCN- 8,56.  The OTU abundance data can give an indication of the causes behind the failure of 

a dose of 0.1 g/L to impact PAHs removal. At this lower dose, the species abundance may 

have been too low within the activated sludge to play an important degradative role.  

 

Of particular interest was the ability of the exogenous bacteria to survive simulated river 

water discharge. When effluent from the batch test was exposed to river water for 24 hours 

Bacillus sp. were detected at just 0.06% relative abundance. Although a reduction was 

expected due to the dilution associated with the combination of activated sludge effluent and 

the river discharge the continued low abundance after 24 hours would suggest that the 

Bacillus sp. were unable to thrive in the river ecosystem. Mycobacterium (found in the 

bioaugmentation product) was detected, however, this was identified as an indigenous species 

to the river water (abundance of 4%) and as the abundance from the activated sludge was 

very low the increased abundance is believed to be associated with their presence in the river 

water (Figure II). Operational taxonomic units associated with the bioaugmentation product 

did not therefore become abundant in the river water suggesting that they may have 

succumbed to predatory pressures.  
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Viable cell counts increased in line with the bioaugmentation dose from 2.07 x 108 (control) 

to 2.17 x 108 (dose of 0.1 g/L), 2.30 x 108 (dose of 0.5 g/L) and 2.52 x 108 (dose of 1.5 g/L) 

(Figure III). It is possible that this was attributed to the synergistic activities of the exogenous 

and indigenous bacteria. The number of viable cells declined firstly as a result of dilution. 

The dilution applied (1:1,690) corresponded to a theoretical decrease of 99.94% cell counts in 

the effluent of the batch tests. Nevertheless, when accounting for the cell count within the 

river water, the dilution represented an average viable cell count decline of 93%. 

 

Figure III: Impact of bioaugmentation on viable cell counts ■ - Bioaugmentation batch 

test effluent, ■ - Bioaugmentation batch test effluent after 0 hours contact with river water 

and □ - Bioaugmentation batch test effluent after 25 hours contact with river water. 

 

After 25 hours exposure to the river water under typical treatment conditions (control) the 

viable cell count declined to 2.9 x 106 representing a further reduction in the viable cell count 

of 89%. The reduction in the number of viable cells may have resulted from competition 

between for the limited resources available in the receiving waterbody or due to the inability 

of the activated sludge bacteria to survive under the environmental conditions associated with 

the river water. The number of viable cells was therefore 98.6% lower than in the original 

activated sludge biomass. There was a significant difference between the cell counts of the 

bioaugmentation effluent at time 0  (0 hours, that accounted for dilution in the river water) 

and after 25h of incubation in the river water. As a worst-case scenario was modelled, 

assuming no settling in the clarifier, it would be expected that viable cell count reductions 

would in fact be higher under normal operational conditions. Similar reductions were 

observed when bioaugmentation was applied. 
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CONCLUSION 

 

Bioaugmentation using a commercially available product rich in Bacillus and Mycobacterium 

sp. at a dose of 0.5 g/L resulted in a 51% improvement in the removal of Ʃ6PAHs and 

enabled compliance with the SCN- emission limit of <4 mg/L. Thiocyanate removal was also 

improved by both micronutrient and alkalinity addition ensuring compliance with the 

emission limit. Phenol removal was improved by alkalinity addition typically enabling 

compliance with the 0.5 mg/L emission limit. Biostimulation should be optimised for the 

removal of SCN- and phenol. Operational taxonomic unit abundance data showed that the 

exogenous bacteria added through bioaugmentation at a dose of 1.5 g/L, accounted for 4.4% 

of the activated sludge biomass after 25 hours. After the activated sludge biomass was 

exposed to river water for 24 hours Bacillus sp. associated with the bioaugmentation product 

were detected at 0.06% suggesting that they were unable to thrive in the river ecosystem. The 

viable cell count for the activated sludge biomass declined by 93% as a result of dilution with 

the river water and a further 89% after 25 hours exposure to river water suggesting low 

survival of bacterial cells in the river water. Bioaugmentation and biostimulation are 

recommended for their application to coke wastewater having been demonstrated to be 

capable of producing an effluent characterised by an effluent Ʃ6PAHs of 6.6 µg/L, 0.3 mg/L  

phenol and 1.2 mg/L SCN- which complies with the IED emission limit. Bioaugmentation is  

not anticipated to impact on downstream river water quality.  
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Table I: Composition of micronutrient solution used in batch tests. 1 

 

 

 Micronutrient Concentration (mg/L) 

Riboflavin (B2) 1 
Pyroxidine hydrochloride (B6) 0.2 

Vitamin B12 0.5 
Niacin 1 

Biotin 0.5 
Phosphate 3 

Calcium 1 
Magnesium 3 

Copper 0.03 
Zinc 0.5 

Molybdenum 0.4 
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Table II: Coke wastewater characterisation. 1 

 

  Concentration (mg/L) and standard deviation 

sCOD 638 ± 8 

Phenol (mono) 74 ± 1 
SCN- 128 ± 11 

NH4
+-N 89 ± 1 

NO3
--N 9 ± 1 

NO2
--N 13 ± 1 

PAHs (total) (µg/L)* † 170 ±30 

PAHs (dissolved) (µg/L)* 3.5 
Trace metals (total) (µg/L)** † 132 ±23 

Total metals (dissolved) ** 47.2 
pH 8.2 ± 0 

* Sum of fluoranthene, benzo[b]fluoranthene, benzo[k]fluoranthene, 
benzo[a]pyrene, indeno[1,2,3-cd]pyrene and benzo[g,h,i]perylene 
** Sum of As, Cd, Cr, Cu, Pb, Ni and Zn. 
† Average data taken from full-scale site 
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Table III: Impact of bioaugmentation and biostimulation on final effluent PAH concentrations. Removals in relation to the control are 1 
reported in brackets e.g. (21%). 2 

 

 

  µg/L 

  Fluoranthene Benzo(b/k) 
fluoranthene 

Benzo(a)pyrene Indeno (1,2,3-cd) 
pyrene 

Benzo(g,h,i)perylene Ʃ6PAHs 

Molecular weight (g/mol)  202 252 252 276 276  

Initial concentration:  0.6 1.3 0.8 0.4 0.4 3.5 

 
Final concentrations: 

       

Control  1.0 5.2 3.6 1.7 1.9 13.4 

        

Biostimulation:        

Micronutrient addition  0.8 (21%) 5.1 (1.9%) 3.5 (2.8%) 1.6 (5.9%) 1.7 (10.5%) 12.7 (5.3%) 

Bioaugmentation dose:        

0.1 g/L  0.9 (13%) 6.4 (-) 4.6 (-) 2.2 (-) 2.3 (-) 16.4 (-) 

0.5 g/L  0.4 (56%) 2.6 (50%) 1.8 (50%) 0.8 (50.6%) 0.9 (53.2%) 6.6 (51%) 

1.5 g/L  0.3 (68%) 2.1 (59.6%) 1.5 (58.3%) 0.7 (60%) 0.7 (61.1%) 5.3 (60.1%) 

Relative standard deviation of method: fluoranthene 14%, benzo(b/k)fluoranthene 14.9%, benzo(a)pyrene 8.1%, indeno(1,2,3-cd)pyrene 13.8%, 
benzo(g,h,i)perylene 14.2%. 
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Table IV: Impact of bioaugmentation and biostimulation on final trace metal concentration. Removals in relation to the control are reported 1 
in brackets e.g. (25%). 2 

 

 

 

  µg/L 

  As Cd Cr Cu Pb Ni Zn Sum 

          

Initial concentration:  9.5 0.01 15 0.3 0.2 17 5 47.2 

 
Final concentrations: 

         

Control  7.1 0.01 
 

16 5.9 1.3 13 13 56.4 

Biostimulation:          

Micronutrients  7.7 (-) nd 15 (6.3%) 4.2 (29%) 0.9 (31%) 10 (23%) 16 (-) 54.5 (3.4%) 

Bioaugmentation dose:          

0.1 g/L  6.7 (5.6%) 0.01 (-) 20 (-) 3.2 (46%) 1.4 (-) 12 (7.7%) 1 (92%) 44.4 (21%) 

0.5 g/L  6.9 (2.8%) 0.01 (-) 17 (-) 3.8 (36%) 1.3 (-) 13 (-) 9 (31%) 51.1 (9.4%) 

1.5 g/L 
 

 7.3 (-) 0.01 (-) 17 (-) 4.5(24%) 1.3 (-) 15 (-) 1 (92%) 46.2 (18%) 

Relative standard deviation of method: As 11.9%, Cd 9.7%, Cr 15.5%, Cu 20.1%, Pb 16.9%, Ni 10.6%, Zn 26.2% 
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Table V: Impact of bioaugmentation and biostimulation on sCOD, phenol and ammonia-nitrogen in batch tests after 25 h of incubation. 1 

 

 

 

 

 

 

 

 

 

 

 2 

 pH sCOD Phenol Ammonia-nitrogen 

 
0 h 25 h 

0 h 
(mg/L) 

25 h 
(mg/L) 

Removal 
(%) 

0 h 
(mg/L) 

25 h 
(mg/L) 

Removal 
(%) 

0 h 
(mg/L) 

25 h 
(mg/L) 

Removal 
(%) 

            

Control 
 

7.2 7.6 ±0.3 422 ±50 12 97 74 ± 7 0.9 ± 0.5 99 ± 0.5 69 ± 4 93 ± 2 -34 

Biostimulation:            

Micronutrients 7.2 7.7 ± 0.1 ″ ″ ″ ″ 1.2 ± 0.8 98 ± 1.1 ″ 89 ± 1 -28 

Alkalinity 
 

8.5 8.2 ±0.1 ″ ″ ″ ″ 0.3 ± 0.3 100 ±0.3 ″ 68 ± 3 1.4 

Bioaugmentation 
dose: 

           

0.1 g/L 7.2 7.6 ± 0 ″ ″ ″ ″ 0.9 ± 0.3 99 ± 0.3 ″ 95 ± 1 -38 

0.5 g/L 7.2 7.6 ± 0.1 ″ ″ ″ ″ 1.0 ± 0.2 99 ± 0.2 ″ 95 ± 2 -38 

1.5 g/L 7.2 7.5 ± 0.1 ″ 52 ± 2 88 ± 3 ″ 1.0 ± 0.1 99 ± 0.1 ″ 94 ±2 -36 

	 	 	 	 	 	 	 	 	 	 	 	



Figure	1.	
	
	

	
Figure	I:	Impact	of	bioaugmentation	and	biostimulation	on	SCN-	degradation	○	-	Control,	□	-
micronutrients,	∆	-	alkalinity	and	bioaugmentation	doses	of	●	-	0.1	g/L	■	-	0.5	g/L	▲-	1.5	g/L.	
	
	
	
	
Figure	2	
	
	

	
Figure	II:	Operational	taxonomic	unit	(OTU)	abundance		□	Bioaugmentation	product	■	
Indigenous	activated	sludge	biomass	 	Bioaugmentation	batch	test	effluent	(1.5	g/L)	 	
Bioaugmentation	batch	test	effluent	(1.5	g/L)	after	25	hours	contact	with	river	water.	
	
	
	
	
	
	
	
	
	
	
	
	



	
Figure	3	
	

	
Figure	III:	 Impact	of	bioaugmentation	on	viable	cell	counts	■	 -	Bioaugmentation	batch	test	
effluent,	■	-	Bioaugmentation	batch	test	effluent	after	0	hours	contact	with	river	water	and	□	
-	Bioaugmentation	batch	test	effluent	after	25	hours	contact	with	river	water.	
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