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ABSTRACT

Biological treatment has been identified as a critical step in the removal of pharmaceuticals from wastewater
during the treatment process. Aerobic granulation systems (AGSs) represent an upcoming biological treatment
technology for consolidated removal of carbon, nitrogen and phosphorous from wastewater with a smaller
footprint. However, the capacity of AGSs to remove organic micropollutants has so far been poorly
characterized.

The overarching goal of this study is to determine the effects of the primary carbon substrate on the
biotransformation of six ubiquitous micropollutants in AGSs. Acetate, 2-propanol and glycerol were used as the
primary carbon source for three AGSs. The different carbon sources did not affect the removal of conventional
contaminants (C, N and P) but significantly influenced the removal of individual organic micropollutants and
taxonomic richness within the granule. Overall, simultaneous C, N and P were removed at 75 + 10% and the
bulk of micropollutants were (ug I VSS™): 21 + 35, 36 + 20 and 60 + 43 for with acetate, propanol and glycerol
grown granules, respectively. Richness (OTUs): 4602, 3017 and 2595 for acetate, propanol and glycerol grown
granules, respectively

This study demonstrates that AGSs developed for wastewater treatment can effectively remove micropollutants
without compromising the C, N and P removal performance.
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1 INTRODUCTION

Wastewater treatment plants (WWTPs) are now widely acknowledged as a major point source for the release of
organic micropollutants such as pharmaceuticals to surface waters (Loganathan et al., 2009; Spongberg and
Witter, 2008). Current municipal WWTPs are not designed to remove micropollutants. Moreover, their low
concentration and diversity not only complicate the associated detection and analysis procedures but also create
challenges for water and wastewater treatment processes (Luo et al., 2014). Biodegradation is considered to be
one of the most promising clean-up technologies due to its low cost and its potential for complete degradation of
pollutants. Biodegradation of micropollutants is mainly attributed to co-metabolic activities of both
heterotrophic and autotrophic microorganisms. Unlike conventional organic pollutants (e.g. COD), many of the
oiganic1 micropollutants are toxic or resistant to microorganisms and they are present in trace concentration (ng
I"-ug I).

Aerobic granular sludge (AGS) is regarded as one of the most promising and versatile technologies in the area
of biological wastewater treatment (de Kreuk and van Loosdrecht, 2006). AGS technology for combined carbon,
nitrogen and phosphorous removal is based on a repeated fed batch process and relies on microorganisms
selected to growing granules rather than flocs. As a result of the high settling rate of the sludge granules,
separate settling tanks are not required and an 80% reduction in area use is possible (Pronk et al., 2015).
Aerobic granules present in their structure zones where different environmental conditions exist. Due to this
structure, aerobic granular sludge can simultaneously remove phosphorus, nitrogen and COD (chemical oxygen



demand) from the liquid (de Kreuk et al., 2005). Granular sludge provides many ecological niches due to
substrate gradients. Also granules can harbor slow growing organisms due to higher biomass retention time and
an applied feast feminine regime (de Kreuk and van Loosdrecht, 2004). Falas et al. (2012) show that several
pharmaceutical products have significantly higher removal rates with the biofilm compared to the flocculent
sludge. AG share many features of biofilm systems. However, in spite of this, little is still known about the
granular biomass capacity to remove pharmaceuticals in biofilm systems.

Thus, in this study, we investigated whether the aerobic granular sludge could have higher pharmaceutical
removals if the primary carbon source decreases in complexity (hard to easy to degrade). The primary growth
substrates in biological treatment systems can suppress micropollutant transformation rates and act as microbial
selectors (Falas et al., 2016). Besides that, number of taxa (ie. taxonomic richness) is one ecological factor that
might be important for the performance of the WWTP microbial community, so that communities that contain
more taxa are more likely to have more functional traits (i.e. biotranformation of pharmaceutical compounds).
The selected groups of micropollutants are representative of the main groups of pharmaceuticals and they have
different removal rates in conventional WWTPs. Table 1 shows the different pharmaceuticals selected and the
corresponding group were they belong to. This table also summarizes the occurrence data of pharmaceuticals in
WWTPs influent and their removal percentage across the world as well as their impact on the water cycle (high
priority list). In general, IB reported removal rates are among the highest ones of all pharmaceuticals. Also, as
can be noted from the table, the reported concentrations and removals reveal significant variations. Aerobic
granular formation and shock with 1B, NPX, SMX, TMP, TYL and CBZ are explained in section 2 and 3
respectively.

Tablel. Pharmaceutical concentrations and removals in conventional WWTPs, their impact on water and the bacteria related to their biodegradation.
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2 AEROBIC GRANULAR FORMATION.

2.1 METHODS
2.1.1 EXPERIMENTAL SET UP AND REACTOR OPERATIONS

Experiments were performed in three glass column-type aerobic granular sludge sequencing batch reactors
named SBRa; SBRp; SBRg using acetate, 2-propanol and glycerol as a primary carbon source respectively. The
reactors were operated in a 3 h time cycle with a 8 min feeding period, 60 min anaerobic, 112 min aeration, 3
min settling time and 5 min effluent withdrawal. The volume exchange ratio was 50%, resulting in a hydraulic
retention time of 6 h and a working volume of 200 ml. Aeration and nitrogen were supplied through an air
diffuser placed in the bottom of the reactors (airflow rate of 4 1 min™). Each reactor was inoculated from
granular sludge from a 2 | sequencing batch granular reactor named SBR; inoculated with fresh activated sludge
from Rotorua WWTP and acetate and methanol as carbon sources. The reactors were fed with synthetic
wastewater daily made, consisting in COD of 900 mg I and ammonium concentration of 60 mg N I in the
feeding media.
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Figure 1. Representation of the granule formation. (A) Aerobic granules formed using activated sludge as a seed. (B) Schematic of the different steps in
the sequential batch aerobic granular reactors used in this experiment.

2.1.2 CONVENTIONAL PARAMETERS

Total and volatile suspended solids (TSS, VSS), chemical oxygen demand (COD), nitrite, nitrate, phosphorus
were determined according to standard methods (APHA, AWWA, WPCF 2005). Ammonium was determined
using intelliCAL ammonium ISENH4181 probe from Hach Company and the HQ40d.

2.1.3 DNA EXTRACTION, PCR AMPLIFICATION OF 16S RRNA GENES AND SEQUENCE
DATA PROCESSING.

Bacterial DNA extraction from 50 mg of aerobic granules was carried out using the ‘Phosphate, SDS,
chloroform-bead beater™ method (Miller et al., 1999). The hypervariable V4-V5 region of the 16S rRNA gene
was targeted using primers. DNA was quantified using Qubit, with DNA quality and quantity measured using
the agilent bioanalyzer 2100. Amplicon sequencing was performed using the MiSeq lllumina sequencing
plataform. 16S rRNA gene sequences were processed using mothur (Schloss et al., 2009), UPRASE pipeline
(Edgar, 2013), USEARCH_64 (Edgar, 2010), SILVA database, QUIME 1.9 (Caporaso et al., 2010) and
Greengenes (DeSantis et al., 2006).

2.2 RESULTS AND DISCUSSION

Removal of carbon, ammonium and phosphorus was successfully done simultaneously for each single aerobic
granular reactor under study. Aerobic granules made in SBR1, already in operation for 180 days, were used as
an inoculum for SBR,, SBRp and SBRg. Reactors SBR,; SBRp and SBRg were gradually formed over a period
of 20 days until stable biomass was formed and simultaneous nutrient removal was achieved. As can be seen in
Figure 2.A, carbon source affects the morphology of the granules. Removal of carbon, ammonium and
phosphate were 86+6, 76+12 and 73+l % respectively. Figure 2.B shows the removal of ammonium,
phosphorus and carbon for each carbon source where it can be seen that carbon, ammonium and phosphorus are
equally removed independently of the carbon source. Granular system provides high and stable rates of
metabolism for the primary carbon substrate removals independently of the carbon source added.
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Figure 2. Performance of aerobic granules. (A) Morphology of granules growth under different carbon sources. (B) Average removal of ammonium,
phosphorus and carbon done simultaneously by acetate, propanol and glycerol growth granules.



The majority of the bacterial 16S rRNA sequenced grouped with members of Proteobacteria (66% on average).
The remaining predominant phylum is member of the Bacteriodetes, Actinobacteria and Verrucomicrobia.
Richness at genus level was (OTUs): 4602, 3017 and 2595 for acetate, propanol and glycerol grown granules,
respectively. Acetate is an easy to metabolize carbon source, thus most of the heterotrophs have the capability to
obtain energy from it, however the metabolization of propanol and glycerol is more specific for a certain group
of bacteria, leading to a decrement in the number of different taxonomic species in the reactor. Figure 3 shows a
list of the genus level of the bacteria dominant in each system (>2%, and others which are bacteria without
taxonomic assignment). Figure 3.A shows the bacteria at genus level. Dominant bacteria at genus level were
different depending on the carbon source used as a feed. Prostecobacter and Chryseobacterium dominated the
granule growth with acetate; Zoogleae dominated the reactor feed with propanol and Citrobacter,
Microbacterium and Rhodococcus dominated the granule feed with glycerol. Citrobacter and Rodococcus are
well known bacteria used for bioremediation, especially Rodococcus that have a notable metabolic versatility.
Each bacterium possess different pathways to metabolize a carbon sources, each pathway ends in the
degradation of the carbon sources- efficiency of COD removals, however every pathway generates its own
specific metabolites and enzymes of each system conditions.
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Figure 3. Summary of the bacterial genus identified by 16S rRNA analysis of each reactor. (A). Table with the specific values. (B). graph representation
for each bacteria.

3 SHOCK WITH OMPS.

3.1 METHODS

Twenty millilitres of effluent previously centrifuged- 15,000 rpm for 20 minutes at -4°C, from each reactor,
were used to extract the OMPs by solid phase extraction (SPE). Analytes were extracted using 6 cc Oasis HLB
cartridges (Oasis) following the method described in (Vanderford et al., 2003). Quantification of analytes was
done via LC-MS analysis using a Shimadzu 2020 Series LC-MS (Shimadzu, Japan) equipment with an Agilent
ZORBAX Eclipse Plus C18 column (Agilent Technologies, Germany) following the method described in
(Ferrer et al., 2008).



3.1.1 EXPERIMENTAL SET UP AND REACTOR OPERATIONS

Biotransformation of pharmaceuticals by granules growth with acetate, propanol and glycerol was determined
by the quantification of the removal in each system as well as in autoclaved medium and biomass. Reactors
were adjusted to have a concentration of 1 g I'* VSS™ and an initial concentration of 125 ugl™vss™ per reactor
and operated under the same condition described in section 2.2.1. Autoclaved synthetic feed and granules were
used as control experiments were abiotic removal was quantified.

3.2 RESULTS AND DISCUSSION

For control experiments, abiotic removal was (ug I VSS™): 643, 33, 2+2 and 8+2 for 1B, CBZ, TMP and
SMX respectively. NPX and TYL, did not show any abiotic removal. All the reactors-independently of the
carbon source supplied, were able to biotransform the pharmaceuticals added to each reactor. However the
efficiency was different depending on carbon sources supplied. The average biotransformation for the bulk of
micropollutants was (ug I"'VSS™): 8 + 5, 30 + 16 and 65 + 38 for AGSs provided with acetate, propanol and
glycerol, respectively. Tylosin biotransformation was quite different, with (ug 1-1VSS-1) 87, 64 and 38 for
acetate, propanol and glycerol as the respective primary carbon source. Figure 4.A shows the biotransformation
of each compound per gram of granules, where clearly an increase in carbon complexity increases
pharmaceutical biotransformations. Also, figure 4.B shows an association of pharmaceutical biotransformation
by categories, that antinflamatories have the greatest biotransformation as well as the most directly correlated
with the richness of the bacterial community. Thus, microorganisms that are more adapt to degrade hard
compounds could be capable to biotransform pharmaceuticals by the production of specific enzymes that can
react with the compounds to be removed from the system. As seen before, increases in carbon complexity
reduce the richness of the granular systems, and therefore, as we increase carbon complexity, the bacteria are
unlikely to have more functional traits for pharmaceutical removals. However, this result shows that richness is
not a key aspect for the pharmaceutical removals.

A

150
ANPX 100 3000

am 4000

rmed per gram

3000
aCBZ

. 2000
oI —e— Asticonvul sants

of granule  (ugl-1V§S-1)

Logp - Antibiotics

8TYL —e— Antinflam atory

Pharmaccutical bioremoved
(%)

Pharmaccutical biotransfos

o — . —&— Richness (OUT)

=

OsSMX
Acetate Propanol Glycerol

Carbon source Carbon sources

Figure 4. Biotransformation of pharmaceuticals for each carbon source. (A). Biotransformation for each micropollutant. (B). Biotransformation for
pharmaceutical category.

CONCLUSIONS

Aerobic granules can remove ibuprofen, naproxen, sulfamethoxaxole, trimethoprim, tylosin and carbamazepine
from wastewater. The use of more complex carbon sources as granule primarily substrate enhances
biotransformation of the majority of the studied OMPs (expect tylosin) without impacting the nutrient and
carbon removal.

ACKNOWLEDGEMENTS

Camila Mery acknowledges scholarship support from the Chilean Government.



REFERENCES

APHA-AWWA-WPCF (2005). Standard methods for the examination of water and wastewater, American
Public Health Association/American Water Works Association/Water Environment Federation,
Washington DC, USA.

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K., et al. (2010) "QIIME
allows analysis of high-throughput community sequencing data’, Nat. Methods, 7, 335-336.

de Kreuk M. K. and van Loosdrecht M. C. M. (2004). "Selection of slow growing organisms as a means for
improving aerobic granular sludge stability” Water Sci. Technol, 49, 9-17.

de Kreuk M., Heijnen J.J., van Loosdrecht M.C.M. (2005) "Simultaneous COD, nitrogen, and phosphate
removal by aerobic granular sludge” Biotechnology and bioengineering, 90, 761-769.

de Kreuk, M. K. and van Loosdrecht M. C. M. (2006) Formation of Aerobic Granules With Domestic Sewage’
Journal of Environmental Engineering ,132, 694-697.

DeSantis, T.Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E.L., Keller, K., et al. (2006) "Greengenes, a
chimera-checked 16S rRNA gene database and workbench compatible with ARB™ Appl. Environ.
Microbiol, 72, 5069-5072.

de Voogt P., Janex-Habibi M-L., Sacher F., Puijker L., Mons M. (2009) "Development of a common priority list
of pharmaceuticals relevant for the water cycle™ Water Science and Technology, 59, 39-46.

Edgar, R.C. (2010) "Search and clustering orders of magnitude faster than BLAST" Bioinformatics, 26,
2460-2461

Edgar, R.C. (2013) "UPARSE: highly accurate OTU sequences from microbial amplicon reads™ Nat. Methods,
10, 996-8.

Ferrer I, Thurman EM, Zweienbaum J.(2008). EPA method 1694: Agilent's 6410A LC/MS/MS solution for
pharmaceuticals and personal care products in water, soil, sediment, and biosolids by HPLC/MS/MS.

Falas P., Baillon-Dhumez A., Andersen H.R., Ledin A., la Cour Jansen J. (2012) *Suspended biofilm carrier and
activated sludge removal of acidic pharmaceuticals™ Water Research, 46, 1167-75.

Falas P., Wick A., Castronovo S., Habermacher J., Ternes T., Joss A. (2016) “Tracing the limits of organic
micropollutant removal in biological wastewater treatment™ Water Research, 95, 240-249.

Loganathan B, Phillips M, Mowery H, Jones-Lepp TL. (2009) “Contamination profiles and mass loadings of
macrolide antibiotics and illicit drugs from a small urban wastewater treatment plant™ Chemosphere, 75,70-
7.

Luo Y, Guo W, Ngo H, Nghiemb L, Hai F, Zhang J, Liang S, Wang X. (2014) "A review on the occurrence of
micropollutants in the aquatic environment and their fate and removal during wastewater treatment’
Science of the Total Environment, 473474, 619-641.

Miller D. N., Bryant J. E., Madsen E. L., and Ghiorse W. C. (1999) "Evaluation and optimization of DNA
extraction and purification procedures for soil and sediment samples’ Applied and Environmental
Microbiology, 65, 4715-4724.

Pronk M, Abbas B, Al-zuhairy S.H.K, Kraan R., Kleerebezem R., van Loosdrecht M.C.M. (2015) "Effect and
behaviour of different substrates in relation to the formation of aerobic granular sludge™ Environmental
Biotechnology, 99, 5257-5268.

Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.R., Hartmann, M., Hollister, E.B., et al. (2009) "Introducing
mothur: open-source, platform-independent, community-supported software for describing and comparing
microbial communities™ Appl. Environ. Microbiol., 75, 7537-7541.



Spongberg AL, Witter JD. (2008). "Pharmaceutical compounds in the wastewater process stream in Northwest
Ohio” Sci Total Environ ,397,148-157.

Vanderford B.J., Pearson R.A., Rexing D.J., Snyder S.A. (2003) ~ Analysis of Endocrine Disruptors,
Pharmaceuticals, and Personal Care Products in Water Using Liquid Chromatography/Tandem Mass
Spectrometry” Anal Chem, 75,6265-6274.



