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Abstract This study investigated the effects and fate

of the antibiotic ciprofloxacin (CIP) at environmen-

tally relevant levels (50–500 lg/L) in activated sludge
(AS) microbial communities under aerobic conditions.

Exposure to 500 lg/L of CIP decreased species

diversity by about 20% and significantly altered the

phylogenetic structure of AS communities compared

to those of control communities (no CIP exposure),

while there were no significant changes upon exposure

to 50 lg/L of CIP. Analysis of community composi-

tion revealed that exposure to 500 lg/L of CIP

significantly reduced the relative abundance of

Rhodobacteraceae and Nakamurellaceae by more

than tenfold. These species frequently occur in AS

communities across many full-scale wastewater treat-

ment plants and are involved in key ecosystem

functions (i.e., organic matter and nitrogen removal).

Our analyses showed that 50–500 lg/L CIP was

poorly removed in AS (about 20% removal), implying

that the majority of CIP from AS processes may be

released with either their effluents or waste sludge. We

therefore strongly recommend further research on CIP

residuals and/or post-treatment processes (e.g., anaer-

obic digestion) for waste streams that may cause

ecological risks in receiving water bodies.

Keywords Ciprofloxacin (CIP) � Activated sludge �
Species diversity � Community phylogenetic structure

Introduction

Antibiotics are widely used for preventing or treating

microbial infections in humans and for veterinary

applications. Although antibiotics are indispensable in

modern society, their increasing use has led to their

presence in a variety of water environments. Since

antibiotics are designed to be biologically active,

antibiotic residues in water environments not only

severely affect aquatic ecology, but also promote

microorganisms that are persistent/resistant to antibi-

otics. Among others, ciprofloxacin (CIP) is of growing

concern and represents a health hazard for aquatic life.

CIP was introduced in the 1980 s and has become one

of the most commonly used antibiotic quinolones for

human and animal antibacterial therapies. The major-

ity of CIP, after its usage, is thought to be released into

urban waste streams through sewage disposal, and

most of it is eventually collected in wastewater

treatment plants (WWTPs), as consistent with the
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highest loads detected in wastewater-associated envi-

ronments (Larsson et al. 2007; Fick et al. 2009).

While CIP is readily detectable in many aquatic

environments (typically found at ng/L-lg/L levels in

surface waters) (Sahlin et al. 2018), it occurs at high

levels in the effluents of WWTPs (up to 6.5–31 mg/L)

receiving pharmaceutical wastewaters and in rivers

(up to 14 mg/L) contaminated with industrial waste

(Larsson et al. 2007; Fick et al. 2009). Freshwater

primary producers such as cyanobacteria (Microcystis

aeruginosa) and duckweed (Lemna minor) are inhib-

ited by CIP at 17–203 lg/L (Robinson et al. 2005);

5–50 mg/kg of CIP reduces the diversity of soil

microbial communities (Girardi et al. 2011; Cui et al.

2014); and 100 lg/L of CIP reduces the nitrifying

activities of freshwater microbial communities (Rico

et al. 2014). Johansson et al. (2014) found that

18–199 lg/L of CIP inhibited the metabolic activities

(e.g., substrate utilization) of a periphyton community

comprising a variety of autotrophic and heterotrophic

organisms.

CIP at varied levels also disrupts the structure and

function of microbial communities in engineered

biological systems, such as WWTPs. High level of

CIP (0.5 mg/L) causes significant alteration in the

phylogenetic structure of methanogenic microbial

communities, significantly decreasing methane pro-

duction by inhibiting Syntrophobacter and Methan-

othrix associated with acetogenesis and acetoclastic

methanogenesis, respectively (Mai et al. 2018). Yi

et al. (2017) found that biological removal of nitrogen

(particularly with denitrification) and phosphorous

was reduced with 2 mg/L of CIP in laboratory

microcosm settings. Although several studies suggest

that CIP at environmentally relevant levels causes

perturbations in ecosystem functions in engineered

systems, whether and how CIP causes toxicity in the

structure and functions (e.g., heterotrophic activities)

of activated sludge (AS) communities under aerobic

conditions remain to be clearly elucidated.

Since CIP concentrations detectable in the envi-

ronment can exceed the toxicity thresholds of many

aquatic organisms, satisfactory treatment of CIP in

WWTPs is highly desired. Removal rates of CIP in

WWTPs are greatly variable, ranging from 20% to

95% in conventional activated sludge (CAS) processes

(Verlicchi et al. 2012). Among other factors, the input

level of a contaminant could affect its fate and removal

in CAS processes (Nguyen and Oh 2019). Although

there is a wealth of data on the behavior of CIP in CAS

processes under relatively low input levels (e.g.,\
10 lg/L) (Sahlin et al. 2018), little is known about the
fate of CIP at high levels that may represent

spatiotemporal peaks and/or accidental spills from

industrial waste streams. Hence, this study is a

systematic investigation of the fate of CIP in AS at

50–500 lg/L, which is higher than the typical level

(mean/median) in wastewaters but less than environ-

mental maxima (e.g., industrial inputs). We estab-

lished a total of nine AS-inoculated laboratory

bioreactors receiving influents with various levels of

CIP and performed quantitative assessments on the

removal rates of CIP. We also conducted 16S rRNA

gene sequencing and analysis of AS communities to

describe microbial community dynamics under CIP

exposure, and we documented the potential disruption

of AS ecosystem functions.

Materials and methods

Materials

Analytical-grade ([ 98% purity) ciprofloxacin

hydrochloride monohydrate was purchased from

Sigma-Aldrich (Singapore). A stock solution of 1 g/

L CIP was prepared in Milli-Q water and stored at

4 �C prior to use. A synthetic feed containing C6H12O6

(1.83 g), NH4Cl (30 mg), KH2PO4 (340 mg),

K2HPO4 (600 mg), MgSO4�7H2O (270 mg), FeSO4

(10 mg), and 10 mL of 100 9 trace element solution

(ZnSO4•7H2O 0.35 mg, MnSO4•H2O 0.21 mg,

H3BO4 2.1 mg, CoCl2�2H2O 1.4 mg, CuCl2�2H20

0.07 mg, NiSO4�6H2O 0.1 mg, Na2MoO4�2H2O

0.21 mg per liter) per one liter was prepared. The

ratio of chemical oxygen demand (COD), total

nitrogen, and total phosphorous (COD: TN: TP) of

the synthetic feed was 80: 5: 1 (Nguyen and Oh 2019).

Bioreactor development

Aerobic AS was collected from an aeration basin of a

local municipal WWTP in Singapore. The WWTP

included aerobic and anoxic tanks where biological

nitrogen removal occurred via conventional nitrifica-

tion–denitrification processes. First, we developed

three control bioreactors by inoculating the AS and

maintained them with synthetic feed (no CIP
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exposure). The three control bioreactors were accli-

mated to laboratory conditions for a month, after

which they showed stable COD removal and mixed

liquor volatile suspended solids (MLVSS) concentra-

tion. After the acclimation period, we developed two

additional sets of three bioreactors by inoculating the

biomass from the control bioreactors, which were fed

the synthetic feed plus either 50 lg/L of CIP (CIP50)

or 500 lg/L of CIP (CIP500). The three sets of

triplicate bioreactors (n = 9), consisting of the control

(n = 3), CIP50 (n = 3), and CIP500 (n = 3), maintained

the same operational conditions (except the CIP level

fed) for an additional two months. The bioreactors (0.9

L working volume) were operated in sequential batch

mode, consisting of 10 min of filling, about 3.5 days

of reacting, and 20 min of decanting without settling.

One-third of the mixed liquor suspension was with-

drawn (decanting process) and replaced with a freshly

prepared synthetic feed (filling process) twice a week.

The bioreactors were operated at 22 ± 1 �C and

3–4 mg/L of dissolved oxygen (aerated using air

diffusers). The solid retention time and organic

loading rate were 10.5 days and 0.4 kg COD/

m3/day, respectively, comparable to those of many

full-scale AS processes.

Analytical methods

Organic matter removal and heterotrophic growth of

AS microbial communities were assessed using sol-

uble COD (sCOD) and MLVSS measurements,

respectively. The sCOD was measured using a HACH

colorimetric method after filtering the samples

through a 0.22-lm filter. MLVSS were measured

following the standard method (APHA 1998). To

determine CIP concentration, a high-performance

liquid chromatography system (Shimadzu Asia Pacific

Pte. Ltd., Singapore) equipped with a Shim-Pack

GIST Phenyl column (5 lm, 4.6 9 250 mm) and a

UV–vis multiple wavelength detector was used. The

mobile phase was composed of 60% acetonitrile and

40% Milli-Q water buffered with 25 mM NaH2PO4 at

a pH of 2.5. The mobile phase was delivered at

1.8 mL/min through the column for 5 min. CIP was

eluted and detected at 3.5 min and 280 nm, respec-

tively. The limit of quantification for CIP using these

conditions was approximately 10 lg/L. The CIP

removal rates (R, %) in the bioreactors were calcu-

lated using Eq. (1):

R ¼ Ci � Ce

Ci

� 100 ð1Þ

where Ci and Ce denote the concentration of CIP in the

influent and effluent, respectively.

CIP concentration adsorbed on the AS was ana-

lyzed using ultrasonic solvent extraction (Wijekoon

et al. 2013; Nguyen and Oh 2019). Briefly, AS samples

were freeze-dried for more than 5 days and ground to

fine particles with a spatula. A certain amount of

particles was mixed with 5 mL of methanol with a

vortex mixer and then was ultrasonicated for 10 min.

The resultant suspension was centrifuged at 28519g

for 10 min, and the supernatant was collected. The

remaining solid mixture was subjected to another

round of extraction. The supernatants from all rounds

of extractions were mixed together and filtered using a

0.22-lm polytetrafluoroethylene (PTFE) filter, and the

CIP concentration was measured using a HPLC

system. Independent tests using heat-inactivated

biomass and abiotic settings showed an extraction

efficiency (E) of 74 ± 5%. The mass of CIP adsorbed

on the AS (CA, lg) was calculated using Eq. (2):

CA ¼ VE � CE

W � E=100ð Þ ð2Þ

where VE (mL), CE (lg/mL), W (g), and E (%) denote

the total volume of the supernatant, the concentration

of CIP in the supernatant, the mass of sludge subjected

to extraction, and the extraction efficiency,

respectively.

Microbial community analysis

Triplicate sludge samples were collected from control

reactors at day 0 and from the three sets of bioreactors

(control, CIP50, and CIP500) at steady state (day 42). A

total of 12 samples were subjected to a DNA

extraction protocol using a PowerSoil�DNA isolation

kit (MOBIO, Carlsbad, CA, USA). The concentration

of extracted DNA was analyzed with a NanoDrop

2300 spectrophotometer (ThermoFisher Scientific)

and agarose gel electrophoresis. The concentration

and absorbance ratio (A260/A280) of all DNA samples

was higher than 0.5 lg/lL and 1.8, respectively. The

hypervariable region (V3-V4) of the 16S rRNA genes

was amplified using universal bacterial primers (341F-

805R; Macrogen Inc., Seoul, Republic of Korea). The

MiSeqTM platform at Macrogen Inc. was used for

123

Environ Geochem Health (2020) 42:1531–1541 1533



sequencing. Paired-end (2 9 300 bp) 16S rRNA gene

sequences were created and analyzed using the

MiSeqTM SOP pipeline (Kozich et al. 2013), as

described previously (Oh and Choi 2018). The

parameters used were no ambiguous sequence,[ 200

bp in length, and\ 8 bp homopolymer; the others

were at default settings. The preprocessed sequences

were chimera-checked using chimera.vsearch and

then taxonomically classified with clas-

sify.seqs. Chimeric sequences and those assigned to

chloroplasts, mitochondria, archaea, eukaryotes, and

unknown were excluded from further analyses. The

remaining sequences were clustered into operational

taxonomic units (OTUs) using dist.seqs and clusters

with a nucleotide identity cutoff of 97%. For estimat-

ing alpha diversity indices, the number of sequences

across datasets was rarefied to the lowest number per

sample. Beta diversity across datasets was estimated

using bacterial community composition data at the

OTU level. Differential community characteristics

were assessed using the Mann–Whitney U test.

Nucleotide sequence accession number

The 16S rRNA gene sequence datasets created in this

study were deposited in GenBank under the following

accession numbers: CIP50_1 (SRS2340180), CIP50_2
(SRS2340182), CIP50_3 (SRS2340184), CIP500_1
(SRS2340177), CIP500_2 (SRS2340179), CIP500_3
(SRS2340181), Control1 (SRS2340183), Control2
(SRS2340176), Control3 (SRS2340220), Control4
(SRS2340175), Control5 (SRS2340198), and Control6
(SRS2340197).

Results and discussion

Effects of CIP on the structure and diversity of AS

microbial communities

The three sets of bioreactors were adapted to different

CIP levels: control (no CIP exposure), 50 lg/L of CIP

(CIP50), and 500 lg/L of CIP (CIP500) over 70 days.

Mixed liquor samples from the bioreactors were

collected at day 42 (steady state) and subjected to

16S rRNA gene sequencing and analysis. The bacte-

rial community composition at the OTU level was

used to perform non-metric multidimensional scaling

(NMDS) analysis (Fig. 1a). The communities in each

group were clustered closely. The average similarity

of the phylogenetic structures using the Bray–Curtis

distance metric was 0.40 ± 0.28 (within control),

0.69 ± 0.05 (CIP50), and 0.65 ± 0.04 (CIP500). Com-

munities showed a substantial distance in community

structure among the three groups; the average simi-

larities were 0.32 ± 0.14 (control vs. CIP50),

0.24 ± 0.09 (control vs. CIP500), and 0.41 ± 0.04

(CIP50 vs. CIP500). A permutational multivariate

analysis of variance (PERMANOVA) test showed

that the phylogenetic structure of the CIP500 commu-

nities differed significantly from those of the control

(Bonferroni-corrected P\ 0.05). These results sug-

gested that CIP at 500 lg/L could alter the structure of

AS, while there was no significant change with 50 lg/
L of CIP.

The shifts in phylogenetic structure (beta diversity)

of the CIP500 communities (Fig. 1a) further called for

examining the effects of CIP on alpha diversity indices

among the communities. The average Chao1 (species

richness index) of the control was 272 ± 30, which

was comparable to those of the CIP50 and CIP500
communities (Fig. 1b). The Shannon diversity index

found in the control communities was 3.2 ± 0.3. The

index value largely decreased (P\ 0.05) to that of

CIP500 (2.6 ± 0.3) (Fig. 1c), suggesting a significant

reduction in species diversity, while there was no

substantial change (3.2 ± 0.1) found between control

and CIP50 communities. Overall, 16S rRNA gene

sequencing analysis of both the alpha and beta

diversity showed that exposure to 500 lg/L of CIP

could severely affect the structure and diversity of AS

communities.

Bacterial community diversity could be described

by alpha diversity indices, including the number

(richness), equitability (evenness), and diversity of

community members (taxa). The results of this work

clearly indicated significant reduction (about 20%) in

the species diversity index under two months of

exposure to 500 lg/L of CIP. Although some studies

have reported that high diversity is not necessarily

beneficial, a large body of literature suggests that high

diversity is associated with functional diversity and

ecosystem stability (Zhou and Ning 2017). Commu-

nities containing diverse members likely have more

functional capacity with a versatile repertoire of

metabolic pathways, which enables more stable and

robust community ecosystem functions. For example,

the structure and diversity of microbial communities
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in anaerobic digesters in full-scale WWTPs are

strongly related to system performance; highly diverse

communities show high methane production and

substrate removal efficiency (Werner et al. 2011).

Since the alpha and beta diversity indices could

represent outcomes of ecological processes (e.g.,

selection) enacted under environmental stressors

(CIP exposure), we further explored the underlying

mechanisms resulting in the significant shifts in

structure and diversity of AS communities under CIP

exposure.

Alteration of community composition in AS:

implications for AS ecosystem functions

Figure 2 shows the relative abundance of the bacterial

communities at the phylum level. Overall, Proteobac-

teria (68.6, 45.6, and 64.1% for the control, CIP50, and

CIP500 communities, respectively) dominated the

communities, followed by Bacteroidetes (16.5, 36.8,

and 25.8%), Verrucomicrobia (3.6, 8.1, and 2.8%),

and Actinobacteria (3.8, 3.0, and 3.1%). These phyla

are known to occur frequently across many full-scale

WWTPs (Zhang et al. 2018). In response to the CIP,

Bacteroidetes slightly increased, whereas the other

major phyla decreased; the shifts in relative abundance

were not statistically significant (P[ 0.05).

Further analysis of bacterial taxa identified 16

major families among the three groups of communities

(Fig. 3). Caulobacteraceae was the most dominant in

the control (16.6%), followed by Enterobacteriaceae

(10.9%), Ohtaekwangia (8.8%), Pseudomonadaceae

(8.3%), Flavobacteriaceae (5.9%), Chitinophagaceae

(5.6%), Aeromonadaceae (3.6%), Comamonadaceae

(2.4%), Verrucomicrobiaceae (2.4%), and Rhodobac-

teraceae (2.2%). These families are often found in

full-scale WWTPs with various biological unit pro-

cesses (e.g., oxidation ditch, sequencing batch reac-

tors, and membrane bioreactors) as well as CAS

processes (Isazadeh et al. 2016; Saunders et al. 2016;

Shchegolkova et al. 2016). Among those enrichedwith

CIP, Alcaligenaceae increased significantly

(P\ 0.05) in both the CIP50 and CIP500 communities,

strongly suggesting that exposure to CIP provides

competitive fitness to the taxon.

Alcaligenaceae are a member of Burkholderiales,

which are widely found in water, soil, humans, and

animals. Alcaligenaceae carry an array of genes

associated with metabolism of antibiotics and many

toxic compounds, and they are often found in

contaminated sites where they play a role as xenobi-

otic degraders (Ghosh et al. 2011). Hence, our 16S

rRNA gene sequence-based community profiling

results encourage future investigations on isolation

of Alcaligenaceae followed by phenotypic character-

ization associated with CIP (e.g., degradation of and

resistance to CIP), which will help better elucidate its

exact role in communities exposed to CIP.

Nakamurellaceae and Rhodobacteraceae were sig-

nificantly underrepresented (P\ 0.05) in the CIP500
communities. Only one genus, Nakamurella, belong-

ing to the family Nakamurellaceae, was identified in

the three communities (Fig. 4), and it was significantly

reduced (15-fold) in the CIP500 communities

Fig. 1 Shifts in phylogenetic structure and diversity of AS

communities during exposure to CIP. a Non-metric multidi-

mensional scaling (NMDS) ordination plot using the Euclidean

distance metric. Open circles, open squares, and solid squares

represent the control (n = 6), CIP50 (n = 3), and CIP500 (n = 3)

communities, respectively. The green arrow indicates variabil-

ity of CIP. bChao1 indices (species richness). c Shannon indices

(species diversity). The box plots depict the medians (the central

horizontal lines), inter-quartile ranges (boxes), data points

(small open circles), means (crosses), and 95% confidence

intervals (whiskers). The asterisks indicate statistical signifi-

cance (P\ 0.05 by the Mann–Whitney U test) compared to the

control communities
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Fig. 2 Relative abundance of major phyla ([ 2% on average). Control1–3 and Control4–6 were sampled from the triplicate control

reactors at day 0 and 42, respectively. CIP50 and CIP500 were from the triplicate reactors fed 50 and 500 lg/L of CIP, respectively

Fig. 3 Log10-transformed ratio of relative abundance between

the communities. Sixteen major families ([ 0.5% of the average

relative abundance) are shown. The log10-transformed relative

abundance value represents the logarithm of the relative

abundance ratio (CIP-exposed communities [n = 3] divided by

control [n = 6]) in base 10. The bar and error bar represent the

mean and standard deviation, respectively. The asterisk

indicates differential abundance with statistical significance

(P\ 0.05) between the CIP-exposed and the control

communities
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compared to control. Pharmaceutical compounds such

as CIP induce oxidative stresses (generating reactive

oxidative species such as O2
- and H2O2) in cells

(Goswami et al. 2006), which cause various cellular

damages (e.g., loss of membrane integrity). Given that

pharmaceuticals-mediated oxidative stresses could

dramatically reduce Nakamurella in AS communities

(Jiang et al. 2017), Nakamurella were likely particu-

larly sensitive to CIP-mediated oxidative stresses in

addition to the known mode of action of CIP

(inhibition of DNA topoisomerase II/IV activities).

Nakamurella are Gram-positive, non-motile, and

non-spore-forming bacteria with an aerobic

chemoorganotrophic metabolism (Nouioui et al.

2017). Nakamurella have been isolated from AS and

are capable of accumulating a large amount of

polysaccharides in cells (Yoshimi et al. 1996). Mem-

bers of AS communities capable of rapid uptake and

accumulation of organic matters would predominate

in WWTPs. Polysaccharide-accumulating bacteria

would be particularly selective in WWTPs by rapidly

uptaking reserve materials of wastewaters, such as

glycogen and polyphosphate, and later metabolizing

them for cell body synthesis. Since the majority of

soluble organic matters in wastewaters is removed by

cellular uptake in aerobic tanks, followed by separa-

tion of cells from wastewater effluents in settlers, the

presence of those polysaccharide-accumulating bac-

teria in AS would be directly associated with the

important process performance of WWTPs. Mean-

while, Nakamurella is a putative glycogen-accumu-

lating organism (GAO) (Stokholm-Bjerregaard et al.

2017), which may compete with phosphate-accumu-

lating organisms (PAOs) for carbon sources in

enhanced biological phosphorus removal (EBPR)

processes. Accordingly, further experiments on the

physiology of Nakamurella and its interaction with

PAOs will help better assess its exact role and

contribution to the system performance of EBPR

processes.

Rhodobacteraceae decreased significantly from the

control (4.0 ± 2.8%) to the CIP500 communities

(0.1 ± 0.1%). While Rhodobacteraceae are associ-

ated with many ecosystem functions (e.g., removal of

organic matter, phosphorous, and nitrogen com-

pounds) in AS (Saunders et al. 2016), four genera

(Albidovulum, Amaricoccus, Gemmobacter, and

Paracoccus) of Rhodobacteraceae were significantly

(P\ 0.05) reduced in the CIP500 communities

(Fig. 4). Paracoccus decreased 11-fold with CIP50
and more than 70-fold with CIP500 compared to

control. Both Paracoccus and Nakamurella are facul-

tative anaerobic denitrifiers, and both were adversely

affected by CIP. Paracoccus are heterotrophic anaer-

obes carrying genes expressing catalytic reductases for

various nitrogen compounds (nitrate, nitrite, nitric

oxide, and nitrous oxide), enabling complete reduction

of nitrate to N2 under micro-oxic and anoxic condi-

tions (Bergaust et al. 2010). Paracoccus are primarily

responsible for denitrification in aqueous and soil

environments (DeVries and Zhang 2016). In addition,

Nakamurella are capable of denitrifying and often

occur in AS and other biological processes (e.g.,

sequencing batch reactors) (Jiang et al. 2017). The

relative abundances of Nakamurella and Paracoccus

are positively correlated with the denitrification rates

in municipal WWTPs (Jiang et al. 2017; Zielińska

et al. 2016), implying the contribution of both taxa to

biological nitrogen removal.

A previous study by Yi et al. (2017) showed

experimental validation of CIP-mediated perturbation

at 0.2–2 mg/L CIP for both denitrification efficiency

and activity of nitrite reductase, consistent with our

16S rRNA gene-based results. Accordingly, the

Fig. 4 Relative abundance of major genera belonging to

Nakamurellaceae and Rhodobacteraceae. Gray, red, and blue

boxes indicate the relative abundance of the control (n = 6),

CIP50 (n = 3), and CIP500 (n = 3) communities, respectively.

The asterisk represents differential abundance (P\ 0.05)

between the CIP-exposed and control communities. The box

plots depict the medians (the central horizontal lines), inter-

quartile ranges (boxes), data points (small open circles), means

(crosses), and 95% confidence intervals (whiskers). X symbols

indicate\ 10-3 %
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selective decrease of taxa identified in this study and

their demonstrated phenotypes collectively suggested

that CIP disrupts nitrogen removal processes in the

biological unit processes of WWTPs. Biological

nitrogen removal processes employed in many full-

scale WWTPs involve nitrification as well as denitri-

fication, and AS microbial communities under aerobic

conditions carry out both organic matter removal and

biological conversion of ammonia to nitrate, the latter

of which is essential for successful nitrogen removal in

WWTPs. We therefore encourage future investiga-

tions that examine whether (and at what level) CIP

causes ecological perturbations on the diversity and

functions of nitrifying AS communities, which will

enable more accurate risk assessments on the ecotox-

icity of CIP in the nitrogen removal process of AS.

Fate of CIP in AS: implications for the impacts

on receiving water bodies

Organic matter removal and biomass production in the

three sets of bioreactors were determined by measur-

ing sCOD and MLVSS, respectively, at steady state

(days 28–70) (Fig. 5). The control showed 92 ± 3%

and 0.8 ± 0.1 g/L for sCOD removal rate and

MLVSS, respectively. The sCOD removal and

MLVSS values were 88 ± 3% and 0.79 ± 0.17 g/L

for the CIP50 communities and 88 ± 2% and

0.74 ± 0.1 g/L for the CIP500 communities, respec-

tively, suggesting a slight decrease of both values in

the CIP50 and CIP500 communities.

The CIP removal rates in the CIP-fed communities

were followed for 70 days (Fig. 6a). Respective CIP

removal of 74 ± 2% and 75 ± 2% was measured in

the first feeding cycle of the CIP50 and CIP500

communities, respectively. The values rapidly

decreased to 22 ± 3% and 20 ± 2% at day 14 and

then did not further change significantly over two

months. Micropollutants in WWTPs can be removed

via abiotic and biotic routes such as volatilization,

photolysis, adsorption, and biotransformation. Here,

the volatilization and photolysis of the CIP were likely

negligible since CIP has a low Henry’s constant

(5.09 9 10-14 Pa�m3/mol at 25 �C) (Sahlin et al.

2018) and long-term stability (i.e., non-detectable pho-

tolytic reactions) under normal sunlight (Wen et al.

2018). The activity of abiotic pathways was assessed

in separate batch reactors (those without active

biomass) under experimental conditions identical to

those of the semi-continuous bioreactors. The batch

tests showed non-detectable changes (\ 1%) of CIP in

the batch settings (data not shown), strongly suggest-

ing negligible volatilization, hydrolysis, and photoly-

sis. CIP in AS can be removed primarily via adsorption

rather than biodegradation (Li and Zhang 2010). The

persistence/resistance of CIP to biological breakdown

is mainly attributable to its chemical properties. CIP

contains fluoride and carboxyl functional groups,

which render it resistant to biological catabolism

(Tadkaew et al. 2011). Hence, we next determined the

amount of CIP adsorbed on AS at steady state (at

42 days). The CIP concentrations were 16 ± 7 and

128 ± 45 lg/gVSS in the CIP50 and CIP500 commu-

nities (Fig. 6b), respectively, indicating a contribution

of adsorption to the overall CIP removal. The total

adsorbed amount (16–128 lg/gVSS) was higher than
estimates by Zuccato et al. (2010), 2–510 lg/kg total

suspended solids measured in sludge from full-scale

WWTPs; this was likely due to the higher CIP loading

(50–500 lg/L) in the influents used in this study than

Fig. 5 COD removal (n = 12) and VSS (n = 12) concentrations at steady state (days 28–70). The bar/circle and error bar represent the

mean and standard deviation, respectively
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that in typical influents of WWTPs (e.g.,\ 10 lg/L).
However, our adsorption values were comparable to

those found by Mai et al. (2018), 2–462 lg/gVSS
adsorbed to AS exposed to 0.05–50 mg/L of CIP.

While someWWTPs are capable of removing more

than half of the CIP from effluents at lower input levels

(e.g., up to 10 lg/L), our results suggest unsatisfactory
CIP removal in CAS processes that receive influents

with higher loads (50–500 lg/L) of CIP. However,

this hypothesis needs to be tested with experimental

verification in full-scale CAS processes where a

number of factors (e.g., reactor configuration and

sludge type) affect treatment efficiency. The degree of

physicochemical sorption on biomass can be described

with the adsorption–desorption distribution ratio (Kd,

L/gVSS). We estimated the Kd values with the data

shown in Fig. 6 using the equation: Kd = X/(XVSS�S).
X is the sorbed CIP concentration per unit volume of

the reactor (mg/L), S is the CIP concentration (mg/L)

assuming sorption equilibrium, and XVSS is the VSS

concentration (g/L) (Joss et al. 2006). The Kd values

measured from the CIP50 and CIP500 reactors at steady

state were 0.07 to 0.11 L/gVSS, respectively. Since\
2.5 log Kd is considered low sorption potential, our

results (Fig. 6) were consistent with a study by

Nguyen et al. (2018) reporting nonsignificant sorp-

tion-mediated removal.

The biodegradation constant (Kbiol, L/g-SS/day)

can be used to represent the extent of biodegradability.

Plósz et al. (2010) determined the Kbiol value (0.55

L/g-SS/day) of CIP by aerobic AS, and a biodegrad-

ability classification scheme developed by Joss et al.

(2006) suggests that a pollutant with 0.1\Kbiol\ 10

is partially biodegradable in conventional WWTPs.

Based on those researchers’ model simulations and the

Kd and Kbiol values estimated in our and other studies,

wastewater bearing high levels of CIP (50–500 lg/L)
can be expected to be partially treated (\ 40%) by

conventional complete mix- and plug-flow processes

with typical operation conditions (e.g., 12 h of

hydraulic retention time and 10–15 days of solid

retention time). Therefore, the poor removal of CIP at

50–500 lg/L experimentally observed in our labora-

tory settings is consistent with the model prediction

results based on the sorption and biodegradability

parameters. Since a large body of literature reports

potential ecological risks by CIP residuals, even at a

few micrograms per liter level (Robinson et al. 2005;

Johansson et al. 2014; Rico et al. 2014), the unsatis-

factory CIP removal obtained in this study strongly

suggests the need for alternative technologies to CAS
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processes in WWTPs and more frequent monitoring

campaigns on the occurrence and fate of CIP in

receiving water bodies.

Conclusions

The results of this study revealed poor removal

(20–22%) of CIP at 50–500 lg/L in AS, which

implies that high levels of CIP carried with wastewater

influents into CAS processes will not be treated to

satisfactory levels that can ensure ecological safety in

receiving water bodies. Further, 500 lg/L of CIP can

cause significant shifts in the structure and diversity of

AS microbial communities and is here shown to

reduce core members (i.e., Rhodobacteraceae and

Nakamurellaceae) in AS that play a key role in organic

matter and nutrient removal; this is directly relevant to

the system performance of biological WWTPs. We

therefore strongly recommend further research on

alternative treatment technologies and more frequent

monitoring campaigns on the fate and occurrence of

CIP in receiving water bodies.
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