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Abstract 

The present study investigates the chronic toxicity of graphene (G) and graphene oxide (GO) in 

activated sludge. Sequencing batch bioreactors were fed with influents containing 0, 1 and 5 mg 

L-1 of GO or G (12 h cycles) for ten days. Reduction in performance of the bioreactors in relation 

to chemical oxygen demand, ammonia and phosphate removals was observed after three days in 

the bioreactors fed with 5 mg L-1 of nanomaterials. After about eight days, these reactors reached 

a steady state nutrient removal, which corresponded to recovery of certain groups of ammonia 

oxidizing bacteria and phosphate accumulating bacteria despite the increasing accumulation of 

nanomaterials in the sludge. These results suggested that biological treatment can be affected 

transiently by initial exposure to the nanomaterials, but certain groups of microorganisms, less 

sensitive to these nanomaterials, can potentially strive in the presence of these nanomaterials. 

Results of 16S rRNA gene deep sequencing showed that G and GO affected differently the 

microbial communities in the activated sludge. Between the two nanomaterials investigated, GO 

presented the highest impact in nutrient removal, gene abundance and changes in microbial 

population structures.    

 

Key words: graphene, graphene oxide, activated sludge, ammonium monooxygenase, microbial 
communities 
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1. Introduction 

Recently, graphene-based nanomaterials have been intensively used due to the unique 

characteristics and broad applications of these materials in different fields, such as water and 

wastewater treatment, medical devices, electronic and aerospace [1-3]. The global market of 

these nanomaterials is expected to grow and reach up $986.7 million dollars over the next 5 

years [4]. A study by Lazareva & Keller estimated, based on nanomaterial production data of 

2010, that the presence of carbon nanotubes, a graphene-based nanomaterial, in the wastewater 

treatment plants of New York City would be around 1.5 mg Kg-1 and 0.2 µg L-1 per year in 

biosolids and treated effluents, respectively [5]. These results showed that this carbon-based 

nanomaterial will tend to be retained in biosolids. In this study, Keller’s group did not examine 

graphene or graphene oxide productions and releases, but if GO and G follow the same trends as 

carbon nanotubes, these nanomaterials will also end up accumulating in the sludge over time. 

 In previous studies, the impact of carbon-based nanomaterials in wastewater treatment 

has been investigated mostly in very high concentrations and for one or three days as acute 

toxicity assays [6-9]. These studies aimed to simulate worse case scenarios in case of industrial 

spills. These nanomaterials, however, will most likely be introduced in the wastewater treatment 

plants in much smaller concentrations than the ones previously investigated since the release of 

nanomaterials will be the result of direct consumption and disposal, as well as wear and tear of 

products containing CNTs, graphene or graphene oxide. Hence, in this study, we aim to simulate 

the entrance and accumulation over time of GO and G in the wastewater influent when 

introduced in smaller and more realistic amounts. We hypothesize that G, which is more 

hydrophobic and prone to aggregation in aqueous environment, will interact and accumulate 

more in the sludge than GO. We also hypothesize that accumulation of the GO and G in the 
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sludge will eventually hinder the biological treatment process due to the antimicrobial properties 

of these nanomaterials. To investigate these hypotheses, bioreactors were set up, which were fed 

with low concentrations of graphene and graphene oxide in the influent for up to 10 days.  

Through these ten days, we monitored the performance of the reactors by investigating chemical 

oxygen demand, microbial metabolic activity, nitrogen and phosphate removals, as well as gene 

abundances for ammonia oxidizing bacteria (AOB), phosphate accumulating microorganisms 

(PAO) and ammonium monooxygenase (amoA) genes. The changes in microbial diversity 

structure and abundance were also determined using the 16S rRNA gene deep sequencing 

technique. We also monitored the release of these nanomaterials in the effluents using a 

previously published technique [10]. Through mass balance, we determined the accumulation of 

these nanomaterials in the sludge over time. 
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2. Materials and methods 

2.1. Preparation of graphene, graphene oxide and activated sludge batch reactors with 
continuous feeding of nanomaterials 

The graphene (G) was purchased from XG Science (U.S.A.) and graphene oxide (GO) was 

synthesized following the modified Hummer’s method [11]. The characterizations of G and GO 

can be found in supporting information (Figure S1) and in our previous studies [12, 13]. 

Suspension stocks for G and GO were prepared at 1000 mg L-1 using probe sonication for 5 min 

prior to use (30 kHz, Tekmar sonic disruptor, U.S.A). The stock solutions were diluted at 1 and 5 

mg L-1 using sterile synthetic wastewater (SWW) prior to use. 

All the reactors were set up with activated sludge freshly collected from the aeration 

basin from the Sims South Bayou Wastewater Treatment Plant (Houston, TX. USA).  The 

reactors were fed with SWW (Table S1) with or without the nanomaterials every 12 h. Detailed 

information about the components of the reactor, reactor set-up and the SWW preparation 

procedure can be found in the supporting information. Briefly, a total of five reactors were set up 

in triplicate with the acclimated sludge. The experimental design included control reactors 

(without nanomaterials) and reactors continuously fed with 1 or 5 mg L-1 of G or 1 or 5 mg L-1 of 

GO. All reactors followed the same 12 h cycle as the control reactors. For analysis in each cycle, 

a volume of 500 mL of effluent was taken and a volume of 500 mL SWW, with or without 

nanomaterials, was added as influent to the reactor. Each reactor received in each cycle the same 

influent concentration of nanomaterial that was used at the initial reactor set up. The results of 

the triplicate reactors were averaged and their standard deviations were calculated. 

2.2. Analysis of chemical parameters  

At each cycle, the effluent of each reactor was analyzed for the following nutrient removals: 

ammonia (NH3-N), nitrate (NO3 -N), phosphate (PO4
3-) and chemical oxygen demand (COD). 
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Effluent and influent were collected and filtered through 0.2 µm sterile syringe filters (Corning, 

U.S.A). Ammonia and nitrate were analyzed using Orion Dual Star benchtop equipped with 

Orion™ High-Performance Ammonia Electrode and Orion™ Nitrate Electrodes (Thermo 

Scientific). Hach kits were used to measure phosphate and COD with a spectrophotometer 

DR3900 (Hach, U.S.A). All the results were expressed as days running the reactor versus 

concentrations measured (mg L-1). Metabolic activity of the microbes in activated sludge was 

also investigated using Vibrant Cell Metabolic Assay kit (Invitrogen) (see supporting 

information).   

2.3. DNA extraction and real time PCR (RT-PCR) 

Activated sludge samples were collected at 0, 2, 4, 6, 8 and 10 days. Amounts of 0.5 g of settled 

activated sludge were collected for DNA extraction with the PowerWater DNA isolation kit 

(Mobio, U.S.A.). All DNA samples were investigated with RT-PCR for three genes, namely: 

ammonia oxidizing bacteria (AOB), monooxygenase ammonia bacteria (amoA) and phosphate 

accumulation organisms (PAO). The analyses of the abundances of the genes were determined 

using standard curves with serial dilutions of known concentrations of the genes cloned into a 

plasmid provided by the TOPO TA cloning kit (Invitrogen). Details related to the standard 

curves and RT-PCR conditions were described in our previous study [9]. All samples were run in 

triplicate. The triplicate DNA extracts from each triplicate reactors were averaged out. The 

results were expressed as concentrations of gene copy number, which were normalized to 1 ng of 

DNA template, versus concentrations of nanomaterials. 

2.4. 16S rRNA metagenomics sequencing 

Metagenomics of sludge samples from reactors with and without G and GO were investigated 

using Illumina Miseq (Genome Sciences, Bioscience Division, Los Alamos National Laboratory, 
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New Mexico). The 16S rRNA gene libraries for each sample were prepared as described by 

Illumina with only modifications in the PCR amplification procedure. The conserved region 

targeted for analysis was the V4 region of the 16S rRNA gene using the primers F515 and R806 

with Illumina adapters and barcodes [14]. More details on the library preparation and analysis 

can be found in the supporting information. Pair-end sequencing was employed using 600 - cycle 

MiSeq® Reagent Kit V3 (Illumina, U.S.A.). The output results from sequencing were analyzed 

using Ilumina basespace 16S Metagenomics v1.0.1. The data of metagenomics were deposited 

on the NCBI database under accession number SRP082429. 

3. Results and discussions 

3.1. Impact of graphene and graphene oxide on chemical parameter of the wastewater treatment  

In a conventional wastewater treatment, Chemical oxygen demand (COD) removal is used as a 

mean to determine the treatment quality of biological processes. The results showed that COD 

removal reduced significantly after five and half days feeding the reactors with 1 mg L-1 GO and 

after three days feeding with 5 mg L-1 GO (Figure 1). We could estimate that there were about 

3.64 mg L-1 (5.5 days) and 12.83 mg L-1 (3 days) GO in the reactors, respectively. These 

concentrations were the results of nanomaterial accumulation in the activated sludge due to the 

continuous feeding of nanomaterials in the influent (Figure S2). Consequently, the COD of the 

effluent in the 1 and 5 mg L-1 GO reactors were about 92 mg L-1 (5.5 days) and 78 mg L-1 (3 

days), as opposed to 10 mg L-1 in the control reactors. In the case of G, significant reduction on 

the COD removal happened after 7.5 and 5.5 days for the reactors fed with 1 and 5 mg L-1 G, 

respectively (Figure 1). The reactors with both G and GO, after the initial and abrupt reduction in 

the COD removal, they reached a steady COD removal state. Overall, these results showed that 

lower nanomaterial input, i.e. 1 mg L-1, led to less impact and smaller reduction on the COD 
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removal. Additionally, the fact that the COD removal reached a steady state and did not get 

completely stalled, suggested that some microbes could have been metabolic active in the 

presence of G and GO. Therefore, the impact of G and GO in the microbial metabolic activity 

was confirmed using the metabolic assay and Live and Dead staining (Figure 2 and S3). The 

results showed that the reactors exposed to the nanomaterials presented reduced metabolic 

activities than the controls and that several, but not all, cells were dead in these reactors, which 

explain the reduced removal of COD in the reactors with nanomaterials. 

 The impacts on COD removals in activated sludge were previously reported with other 

carbon based nanomaterials in long and short term assays [6, 7, 9]. For instance, acute toxicity 

studies with MWCNT and graphene agreed with each other that low concentrations (1 mg L-1) of 

these nanomaterials for short time did not impact COD removal [7, 9]. In our study, the chronic 

toxicity, where the reactors were continuously fed with 1 mg L-1 of nanomaterials for several 

days, showed that the nanomaterials impact COD removal. These results were not observed in 

the chronic toxicity study with 1 mg L-1 MWCNT [7]. Clearly, different nanomaterials will 

present different toxic behaviors, this was more evident with our GO and G reactors, since the 

impact on COD removals were lower for G than for GO at each corresponding time, even though 

the accumulation of G in the sludge was higher than GO (Figure 1 and S2). These results show 

that GO tends to impact more the COD removal because of its higher antimicrobial properties 

than G, as previously described [15-17]. Overall G and GO impacted the COD in biological 

treatment, it is highly possible that these nanomaterials might affect as well as the microbial 

communities involved in specific nutrient removals, such as ammonia and phosphate.   

 3.2. Impact of chronic toxicity of G and GO on the wastewater biological process  
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Nitrogen and phosphorus are the two most important nutrients typically removed in the aerobic 

biological wastewater treatment process. These nutrients are essential to organisms, but if in 

excess, they are also responsible for causing serious environmental problems [18]. The aeration 

process helps in the removal of these pollutants in the form of ammonia (NH3-N) and phosphate 

(PO4
3-). In the present study, after 4 to 4.5 days, the reactors with 5 mg L-1 GO started to show 

reduced removals of ammonia and phosphate compared to the control reactors. While the 1 mg 

L-1 G and GO reactors took about 7 to 8.5 days, respectively, to start showing changes in nutrient 

removal. The 5 mg L-1 G reactor also showed an impact in the ammonia removal after four days, 

but not in the phosphate removal, which took about six and half days (Figure 3 and 5). The 

production of nitrate correlated well with the ammonia oxidation results (Figure 3 and 4), which 

showed that less nitrate from ammonia oxidation was being produced. Overall, the 5 mg L-1 GO 

reactors were the ones with the most pronounced effects on nutrient removal. Based on the mass 

balance results of the 5 mg L-1 reactors, after four days running the reactors, there was about 

14.08 mg L-1 of GO accumulated in the sludge as opposed to 16.68 mg L-1 of G. The ammonia 

concentrations in the effluents at four days were 9.5 and 11.6 mg L-1 for 5 mg L-1 G and GO, 

respectively, while it was 0.2 mg L-1 for the control.  

Even though there was more G accumulated in the sludge than GO, the reactors containing 

GO were the most affected. Previous studies have shown that microorganisms are more sensitive 

to GO than G [16, 17]. This sensitivity of microorganisms to GO was explained by the 

hydrophilic nature and the presence of functional groups in GO. Functional groups make the 

nanomaterial more prone to interact with biomacromolecules, heavy metals and other 

contaminants in the water [19, 20]. These bio-interactions could explain the higher toxic effects 

of GO to the sludge microbial community as compared to G. Additionally, other studies showed 
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that the presence of functional groups in GO led to the production of more reactive oxygen 

species, which is responsible for generating oxidative stress in microorganisms and cellular 

inactivation [6]. On the other hand, G is more hydrophobic and tends to aggregate in aqueous 

solutions, which explained the higher accumulation in sludge. These aggregates probably 

reduced the direct contact of G with microorganisms and therefore reduced its toxicity in the 

sludge. The large aggregates of G were also confirmed by microscopic observations (Figure S4). 

In the reactors, concentrations of G and GO as low as 5.68 and 3.48 mg L-1, respectively, 

started to affect the removal of ammonia and phosphate (1 mg L-1 nanomaterials reactors). The 

inhibition was more pronounced in concentrations as high as 16.68 and 14.08 mg L-1 for G and 

GO, respectively, in the 5 mg L-1 nanomaterials reactors (Figure S2). It is important to point out 

that even though the concentration of these nanomaterials continued to accumulate in the sludge 

from the influent, the removal of the nutrients still occurred in a steady manner, but with a lower 

performance than the control reactors (Figure 3 and 5). It is possible that a subset of the AOB 

and PAO populations or certain species in these populations could have been resistant and 

survived in the presence of these nanomaterials. These resistant populations were probably able 

to continue to perform the removal of nutrients in the sludge.  

These hypotheses were further investigated with the quantification of AOB and PAO in the 

sludge. We quantified the AOB and PAO populations in the reactors using specific 16S rRNA 

genes for AOB, PAO and the functional gene ammonia monooxygenase (amoA) [21, 22]. 

Significant reduction in the PAO and AOB gene abundances were observed after four days for 5 

mg L-1 of GO reactors (Figure 6 and 7), which corresponded to the lowest phosphate and 

ammonia removal in all the reactors (Figure 3 and 5). In the case of the 1 mg L-1 reactors, there 
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were also changes in the AOB and PAO populations after eight days, which matched the period 

where there were changes in the nutrient removals in these reactors.  

 It was, however, observed that the AOB and PAO populations slowly recovered after 

eight days running the reactor (Figure 6 and 7). This was corroborated by the fact that the 

abundance of the AOB population increased from 83 to 110 gene copies ng-1 for G and 37 to 90 

gene copies ng-1 for GO in the 5 mg L-1 reactors between six and ten days (Figure 6a). While the 

PAO populations increased from 7.0 x 103 to 8.5 x 103 gene copies ng-1 for G and 6.9 x 103 to 

9.8 x 103 gene copies ng-1 for GO in the 1 mg L-1 reactors between eight and ten days (Figure 7). 

The PAO population also increased in the reactor 5 mg L-1 GO from 5.6 x 103 to 9.5 x 103 gene 

copies ng-1. Interestingly, the PAO increase only occurred in 1 mg L-1 G reactors, but not in the 5 

mg L-1 G reactors. This was not the case for the AOBs. These results suggest that the PAO is 

probably much more sensitive to G than AOB. This sensitivity was also clearly seen by an earlier 

removal reduction of phosphate nutrients than the ammonia removal, even at low nanomaterial 

feeding concentrations, i.e. 1 mg L-1 for both G and GO (Figure 3 and 5). This difference could 

be due to the different and diverse bacterial composition in each group. In the case of PAO, 

Betaproteobacteria microorganisms are commonly involved in phosphate removal; while AOB 

is composed by both Beta- and Gamma-proteobacteria microorganisms [23, 24]. Although we 

observed a slightly increase in the AOB and PAO populations, the removal of ammonia and 

phosphate did not improve over time. It is possible that the AOB and PAO populations require 

more time to recover from the increasing accumulation of nanomaterials in the sludge. In Chen’s 

study with copper nanoparticles, the phosphorous removal recovered over time, but the PAO 

population changed dramatically [25]. The authors described that other PAO, more resistant to 

copper, took over and continued to remove the nutrients. In addition to copper nanoparticles, 
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other studies with silver nanoparticles in activated sludge also showed similar trends. In these 

studies, the activity of both AOB and PAO populations were found to reach the same removal 

efficiency as their controls after 4 to 40 days [25-27]. Therefore, it is possible that the microbial 

community functionality in the wastewater can recover in the presence of G or GO. The long 

recovery time is probably due to the slow growth rates of these two populations [24, 28]. 

It is also worth point out that the inhibition of nitrogen and phosphate removals was 

previously reported in acute studies with carbon nanotubes and GO, but it is the first time that 

chronic toxicity is investigated with these nanomaterials. This study overall agrees with the fact 

that increasing concentrations of nanomaterials can impact the removal of ammonia and 

phosphate by affecting the AOB and PAO populations present in the sludge [6, 7]. In Hai’s 

study, the authors showed that the microbial population was not able to adapt and recover 

overtime from the high initial dose (20 mg L-1) of nanomaterials [7]. In our study, we saw signs 

of recovery of the AOB and PAO populations in the reactors after eight days, but these 

populations did not recover completely to allow satisfactory nutrient removal from the influent. 

It is possible, that giving more time to these populations, they could have fully recovered from 

the presence of these carbon-based nanomaterials. In the case of amoA, it is worth to note that 

the increase of amoA gene from eight to ten days was observed in 1mg L-1 GO and 5 mg L-1 G 

reactors only, which corroborates the results observed earlier with AOB (Figure S5). 

Based on these results, these nanomaterials seem to also hold antimicrobial properties 

against nitrifiers and PAO in activated sludge, at least to some species belonging to these groups.  

The initial introduction of toxic materials, such as G and GO, agreed well with other studies for 

toxicity of nanomaterials to biological process. In these studies, the addition of nanomaterials led 

to suboptimum wastewater treatment in the bioreactors [31, 32]. In some cases, the microbial 
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community was able to recover and in others not [33]. In our study, we did deep sequencing 

investigations of the population exposed or not to nanomaterials to determine whether the 

microbial community in the sludge was adapting or other more resistant species were being 

selected and enriched in the presence of these nanomaterials.   

3.4. Changes in the sludge microbial community exposed to graphene or graphene oxide 

The changes in the microbial population structure after ten days exposed or not to the 

nanomaterials were analyzed using deep sequencing 16S rRNA to understand the chronic 

toxicity of these nanomaterials. The relative abundances of the phyla in all the reactors are 

shown in figure S6. The four most abundant phyla observed in the reactors were Bacteroidetes, 

Proteobacteria, Firmicutes and Verrucomicrobia. These phyla are commonly found in activated 

sludge of wastewater treatment plants [34]. In the reactors containing G and GO, there was a 

clear shift on these phyla. Also, the diversity of the reactors with nanomaterials decreased 

compared to the control reactor. The reactor presenting the lowest diversity was 5 mg L-1 GO 

(Table S2). The presence of G in the reactors led to increase in the Bacteroidetes population; 

while the GO reactors, enriched microbial populations from the Proteobacteria phylum. These 

results indicate that G and GO do not impact the same populations in the activated sludge.  

At the genus level, the microbial communities in the different reactors containing 

nanomaterials changed significantly compared to the control reactor (Figure 8). Several genera 

that were found in the control reactors either disappeared or reduced to below the detection limit 

of the sequencing analysis in the GO and G reactors. That was the case for Lewinella, Zoogloea, 

Dechloromonas, Candidatus Accumulibacter, Runella, Curvibacter, Thauera and Thermomonas 

that are well-known microorganisms playing an essential role in biological wastewater treatment 

processes.   
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Lewinella, for instance,  was described to biodegrade organic matter and hydrocarbons 

[35]. The reduction of this genus could have affected the removal of COD, as observed in our 

reactors. Zoogloea is another important genus for wastewater treatment that has the capability in 

helping the formation of sludge flocs and also reducing nitrate in wastewater [36-38]. The 

consequences of the reduction of this population could have yielded poor sludge flocculation and 

inefficient nitrogen removal in the wastewater. Another microorganism involved in nitrogen 

removal that also presented reduced abundance in the sludge containing G and GO was Thauera. 

This microorganism plays an important role in denitrification and removal of organic matter in 

wastewater [39-41]. Thermomonas was also shown to be a denitrifier in a full-scale wastewater 

treatment plant and in petroleum contaminated soil [42, 43]. The reduction of these populations 

has clearly reflected in the nitrogen and COD removals of the reactors.  

In the case of the phosphate removal, Dechloromonas, Runella and Candidatus 

Accumulibacter play an essential role in phosphate removal in wastewater [44-48]. Runella has 

also been shown to improve formation of granular sludge [49]. The reduction of the PAO gene 

copy in the GO and G reactors could be explained by the reduction in these populations in the 

activated sludge. In addition to these microbes, Dechloromonas and Curvibacter were affected 

by the presence of G and GO. These two genera were reported in a previous study to reduce 

perchlorate in biological treatment, so they can also play a role in the wastewater treatment [50]. 

It is worth to note that the reduction of Lewinella, Zoogloea, Dechloromonas, Curvibacter, 

Thermomonas and Flavobacterium in this study was also observed in an acute toxicity study 

with graphene in activated sludge [9]. These results confirm that these populations are really 

sensitive to the presence of GO and G nanomaterials. 
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Even though some important groups of microorganisms involved in biological 

wastewater treatment were affected by the presence of G and GO, the results show that some 

populations were not as sensitive to the presence of these nanomaterials (Figure 8). It is 

important to point out that not the same groups of microorganisms were enriched in the G and 

GO reactors, as compared to the control reactors. For instance, in the G reactor, Olivibacter, 

Haliangium and Dokdonella were enriched, while in the GO reactor Chryseobacterium, 

Pseudomonas, Stenotrophomonas, Acinetobacter, Brevundimonas and Pseudoxanthomonas were 

the ones enriched (Figure 8). Some of these microorganisms have also been described to be 

involved in nutrient removal in wastewater. Specifically, Olivibacter, Haliangium and 

Pseudoxanthomonas were  reported dominantly in nitrogen removal in which they were isolated 

from cow manure, biofilters for hydrocarbon clean-up, and full scale denitrification and granular 

sludge [42, 51, 52]. Stenotrophomonas and Chryseobacterium were not directly associated to 

nutrient removal in wastewater treatment plants, but they have been reported in previous studies 

to be important in nitrogen cycling and to dominate in biofilm reactors treating ammonia 

contaminated air [53, 54].  Dokdonella, Pseudomonas and Acinetobacter have been described to 

have the capability of accumulating phosphate. These genera were isolated and identified from 

phosphate removal activated sludge processes [55-57]. Hence, they play essential roles in 

nutrient removal in activated sludge. These genera did not seem to be impacted by the presence 

of the nanomaterials and were probably able to continue to remove the nutrients in the reactor, 

but since their cell concentrations were low, they were not able to remove the nutrients with the 

same efficiency as the original microbial populations in the sludge. These results would explain 

the observed increase in PAO and AOB populations in the RT-PCR analyses and the observed 

steady nutrient removal in the bioreactors during continuous additions of nanomaterials.         
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4. Conclusion 

In conclusion, the accumulation of G and GO overtime resulted in a transient, but significant 

impact in the ability of the activated sludge to remove COD, ammonia and phosphate. G and GO 

concentrations starting to impact the wastewater treatment were as low as 5.26 mg L-1 and 3.64 

mg L-1, respectively. These concentrations correspond to the accumulation of G and GO in the 

sludge from 1 mg L-1 influent. The reactors receiving 5 mg L-1 influent resulted in higher and 

faster accumulation of G and GO in the sludge, which generated higher impacts in the biological 

wastewater treatment. It was noticeable that GO was more toxic than G, since GO is more 

hydrophilic and therefore aggregates less in the sludge; and because GO is more reactive toward 

biomolecules than G. The results also showed that the PAO and AOB community started to 

recover after eight days; however, there was a shift in the microbial community structure and 

diversity at end of ten days. These results suggest that some microbial communities in the sludge 

are less sensitive to the presence of these nanomaterials. Also, the different toxicity mechanisms 

of G and GO led to the selection of completely different populations of microorganisms in each 

reactor. 
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Figure 1: Chemical oxygen demand in influent and effluent of the control and reactors treated 
with G and GO at different concentrations (1 and 5 mg L-1). The error bars represent standard 
deviations from triplicate reactors. 

Figure 2: The metabolic activity of effluent sludge from control and treated G or GO reactors in 
different concentrations at 10 days. The error bars represent standard deviations from triplicate 
reactors. (*) Shows statistically significant different results (t-test with P ≤ 0.05). 

Figure 3: Nitrogen residual as ammonia in influent and effluent for the control and reactors 
treated with G and GO at different concentrations. The error bars represent standard deviations 
from triplicate reactors. 

Figure 4: Nitrogen residual as nitrate in influent and effluent for the control and reactors treated 
with G and GO at different concentrations. The error bars represent the standard deviation from 
triplicate reactors. 

Figure 5: Phosphorus residual as phosphate in influent and effluent for the control and reactors 
treated with G and GO at different concentrations. The error bars represent the standard 
deviation from triplicate reactors. 

Figure 6: Abundance of 16S rRNA ammonia oxidizing bacteria gene copies (AOB) in activated 
sludge, expressed as gene copy number normalized per nanogram of DNA. 

Figure 7: Abundance of 16S rRNA phosphate accumulating bacterial (PAO) gene copies in 
activated sludge, expressed as gene copy number normalized per nanogram of DNA. 

Figure 8: Heatmap of relative abundances of different genera in the reactors with and without G 
or GO. Color scale from Red (lowest abundance) to Green (highest abundance). 
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