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HIGHLIGHTS

® Occurrence of 7 quinolone antibiotics in excess sludge was evaluated by UPLC-MS/MS.
® EPS facilitated adsorption independent of pH and quinolone antibiotic type.

® Metal ions bound in EPS were predominantly responsible for adsorption.

® pH affected antibiotic patterns, floc zeta potential, and metal ion content.

® The Freundlich model described adsorption behavior due to surface heterogeneity.

ARTICLE INFO ABSTRACT

Keywords: Traditional wastewater treatment plants cannot completely remove trace pharmaceutical and personal care
Excess sludge products. In particular, quinolone antibiotics are mainly adsorbed on microbial cell surfaces in excess sludge and
Qum"lofle antibiotic are released into the water environment during agricultural supplementation, mainly due to the exfoliation of
Adsorption extracellular polymeric substances (EPS) caused by changes in environmental conditions. Here, the occurrence

Extracellular polymeric substance

Metal ion of seven typical quinolone antibiotics from three generations in excess sludge was investigated at trace con-

centrations using ultra-high performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS).
EPS facilitated adsorption independent of pH and quinolone antibiotic type, and the solid-liquid distribution
coefficient decreased markedly as pH increased (pH 5-9, range of municipal wastewater). Metal ions bound in
EPS were predominantly responsible for the adsorption of antibiotics in sludge, rather than the macroscopic size
of the sludge floc. pH affected patterns of quinolone antibiotics, the zeta potential of sludge floc, and the contents
of metal ions contained in sludge. The adsorption capacity of antibiotics first increased and then decreased with
increasing pH in the range of pH 3-11, reaching a maximum (20,506, 14,458, 10,689, 22,854, 20,302, 8494, and
29,547 L/kg for CIP, ENR, LOM, MOX, NOR, OFL, and SAR, respectively) near pH 5, at which the cationic
bridging of Ca>* and Mg?* bound in EPS played a major role owing to their larger ion radius and higher
contents in excess sludge. Due to high surface heterogeneity of sludge, the Freundlich model was more suitable
than the Langmuir model for describing the adsorption behavior of quinolone antibiotics. These results provide
further insight into the release of quinolone antibiotics adsorbed in excess sludge, with potential implications for
the agricultural use of sludge.

Abbreviations: A%0, anaerobic/anoxic/oxic process; Biosolid, freeze-dried powder of sediment obtained by centrifuging excess sludge; Biosolidgps free, freeze-dried
powder of sediment obtained by centrifuging excess sludge in which EPS has been extracted using CER method; CAST, cyclic activated sludge technology; CER, cation
exchange resin; CIP, ciprofloxacin; ENR, enrofloxacin; EPS, extracellular polymeric substance; ESI, electrospray ionization; FTIR, Fourier transform infrared; ICP,
inductively coupled plasma; LOM, lomefloxacin; MOX, moxifloxacin; MWCO, molecular weight cut-off; NOR, norfloxacin; OFL, ofloxacin; PPCPs, pharmaceutical and
personal care products; SAR, sarafloxacin; SM, Supplementary Material; SRM, selective reaction monitoring; TS, total solids; UPLC-MS/MS, ultra-high performance
liquid chromatography-tandem mass spectrometry; VS, volatile solids; WWTP, wastewater treatment plant; XPS, X-ray photoelectron spectroscopy
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Nomenclature

Ce Concentration of quinolone antibiotics in the water at

adsorption equilibrium [pgL™']

Co Initial concentration of quinolone antibiotics in the water
gL

K Langmuir adsorption equilibrium constant defined by Eq.
(3) Lug™']

K4 Solid-liquid distribution coefficient [kag’l]

K; Freundlich adsorption coefficient defined by Eq. (4)

[1076,L1/n_ug 7(1/n)]

M Mass of Biosolid or Biosolidgps free [kg]

n Freundlich adsorption coefficient defined by Eq. (4) [—]

qe Concentration of quinolone antibiotics adsorbed on
Biosolid or Biosolidgps free at adsorption equilibrium
[hgkg ']

Qmax Amount of quinolone antibiotics adsorbed to form mono-
layer coverage defined by Eq. (3) [ugkg ™ ']

14 Water solution volume [L]

1. Introduction

Trace pharmaceutical and personal care products (PPCPs) have
been detected in environmental media such as surface water, ground-
water, and soil. Although the concentration of PPCPs related to human
activities is usually on the order of nanograms to micrograms per liter
in the water environment [1-5], many PPCPs are discharged con-
tinuously into the environment, causing potential risks for human
health and the environment due to their ongoing utilization [6-9].

Wastewater treatment plants (WWTPs) are one of the main point
sources of PPCP discharge into the environment [10], as it is difficult to
biochemically degrade these substances during the conventional was-
tewater treatment process [11]. As a result, except for a small amount
of PPCPs that are released into the atmosphere by escape, some portion
of PPCPs remains in the effluent of the wastewater treatment plant,
with the remainder present in excess sludge due to adsorption or dis-
solution [12]. The Water Pollution Prevention Action Plan promulgated
in April 2015 in China stipulates that treated sludge cannot contain
potential environmental pollutants [13]. When excess sludge con-
taining PPCPs is used for land use and agricultural production activities
such as fertilization, PPCPs in the sludge may be released into the en-
vironment as the external environment changes [10,14-19], thereby
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contaminating surface water and groundwater [4,12,18-20].

In recent years, quinolone antibiotics have been one of the most
widely used antibiotics in veterinary and medical applications [21]. In
China, they are widely used in human clinical settings and livestock
breeding for disease prevention, with livestock and poultry farming
accounting for about 50% of their use [22]. Moreover, the consumption
of quinolone antibiotics has increased significantly; for example, the
annual consumption of quinolone antibiotics in humans and animals in
1998 was 1,350 and 470 tons respectively [23], while the annual
consumption of ciprofloxacin, norfloxacin, ofloxacin, lomefloxacin, and
enrofloxacin in China in 2013 for both humans and animals reached
5340, 5440, 5110, 1250, and 5180 tons, respectively [22].

Four generations of quinolone antibiotics have been developed
[24]. At present, the most commonly consumed types in the market are
second-generation quinolone antibiotics, including ciprofloxacin, nor-
floxacin, lomefloxacin, enrofloxacin, and ofloxacin [25]. Among them,
ciprofloxacin can cause central nervous system toxicity, hematological
toxicity, liver and kidney toxicity, and phototoxicity in the human
body. Moreover, bacteria or viruses in the environment can become
resistant to antibiotics such as ciprofloxacin [26]. Ciprofloxacin, nor-
floxacin, lomefloxacin, enrofloxacin, and ofloxacin have a variety of
toxicological and toxic effects on algae, cyanobacteria, plants, fish, and
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Fig. 1. Schematic diagram of cell body in excess sludge adsorbing quinolone antibiotics. 1) Hydrophobic partitioning; 2) Electrostatic interactions: cation exchange,
cation bridging, anion exchange, and electron donor acceptor (EDA); 3) Surface complexation.
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invertebrates [27]. The use of third- and fourth-generation quinolone
antibiotics is limited due to serious side effects [28-30]. It has been
reported that the genotoxic potential of quinolone antibiotics increases
with newly developed generations; for example, fourth-generation
quinolones are two orders of magnitude more genotoxic than third-
generation quinolones [31-33]. As a typical representative of third-
generation quinolone antibiotics and veterinary antibiotics, sara-
floxacin has been widely used to treat bacterial diseases of fish and
shrimp, such as furunculosis, vibriosis, and enteric red mouth disease
[34]. Moxifloxacin, a fourth-generation quinolone antibiotic, was de-
veloped by the Bayer Company in Germany and offers many ad-
vantages, such as a broader antibacterial spectrum, stronger activity,
reduced drug resistance, and fewer adverse reactions.

Because of the high affinity of quinolone antibiotics to sludge [35],
most of these compounds are adsorbed on excess sludge [36,37], which
is their most common fate in WWTPs [14,38,39]. When excess sludge is
used as a fertilizer, quinolone antibiotics can be transferred to plants
and enter the human food chain [35]. The presence of quinolone an-
tibiotics in the environment has potential links to the presence of tol-
erant bacteria in surrounding environments, such as WWTPs, poultry
farms, hospitals, and rivers [40-43], which may interfere with aquatic
ecosystems and make humans and animals more vulnerable to anti-
biotic-resistant microbes. Therefore, it is of great theoretical and
practical value to comprehensively assess the occurrence and influen-
cing factors of various quinolone antibiotics in excess sludge [36,44].

Extracellular polymeric substances (EPS) play an important role in

Table 1
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the adsorption of antibiotic drugs, as microbial cells in excess sludge are
encapsulated by EPS [4,45-47]. Fig. 1 presents a schematic diagram
showing a microbial cell adsorbing quinolone antibiotics in excess
sludge. EPS is mainly composed of proteins, polysaccharides, lipids,
nucleic acids, and metal ions [4,46,47]. Since EPS consists of various
organic compounds and quinolone antibiotics contain a variety of
functional groups, quinolone antibiotics are adsorbed on microbial cell
surfaces in excess sludge mainly via one of three mechanisms (Fig. 1)
[4,48]: (1) hydrophobic partitioning; (2) electrostatic interactions (ca-
tion exchange, cation bridging, anion exchange, electron donor ac-
ceptor); and (3) surface complexation. Hence, environmental condi-
tions such as pH and metal cation levels markedly affect the adsorption
of quinolone antibiotics on the surfaces of microbial cell bodies as they
alter the characteristics of the EPS [4,49-51]. In particular, the bridging
action [50-53] and complexation [50,54,55] of metal cations promote
the adsorption of quinolone antibiotics on the surfaces of microbial cells
in excess sludge. However, when metal ion concentrations exceed a
certain value, they may compete with antibiotic ions for adsorption
sites [56] or form hydrated outer layers of metal cations that shield
adsorption sites [57] on the surfaces of microbial cells in excess sludge,
thereby decreasing antibiotic adsorption [4,56,57].

In this study, seven typical quinolone antibiotics from three gen-
erations were investigated to reveal for the first time the role of EPS,
which is encapsulated on the surfaces of microbial cells in excess
sludge, and environmental conditions, such as pH and metal cation
concentrations, on the adsorption of quinolone antibiotics on microbial

Molecular structures and physicochemical properties of seven typical quinolone antibiotics from three generations.
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cells in excess sludge.

2. Materials and methods
2.1. Materials

Ciprofloxacin (CIP, = 98%) and ofloxacin (OFL, = 98%) were
purchased from Sigma-Aldrich Corp., St. Louis, MO, USA. Norfloxacin
(NOR, = 98%), enrofloxacin (ENR, = 99%), lomefloxacin (LOM, =
98%), sarafloxacin (SAR, = 97%), and moxifloxacin (MOX, = 99%)
were purchased from Aladdin Corp., Shanghai, China. The molecular
structures and physicochemical properties of the seven typical quino-
lone antibiotics from three generations are shown in Table 1.

Methanol, formic acid, and ammonium formate (chromato-
graphically pure) were purchased from Merck Corp., Kenilworth, NJ,
USA. Ultrapure water (resistivity = 18.2 MQ) was obtained by pur-
ifying tap water using an Arium Comfort II ultrapure water system for
laboratory use (Sartorius Corp., Gottingen, Germany). The dialysis bag
[molecular weight cut-off (MWCO) = 3500 Da] was purchased from
Viskase Corp., Willowbrook, IL, USA. The 0.22-um microfiltration
membrane was purchased from Millipore Corp., Billerica, MA, USA.
HCl, H3PO4, NaH,PO42H,O, Na,HPO,, NaOH, MgSO,7H,0,
ZnSO4’7H20, Caclz'ZHzo, Cuclz'szo, MnC12'4H20, FeSO4'7H20, and
AlCl36H,0 (analytically pure) were purchased from Sinopharm
Chemical Reagent Corp., Ltd, Shanghai, China.

2.2. Preparation of Biosolid and Biosolidgps free

The excess sludge originating from the backflow sludge lines of the
Gaobeidian WWTP were collected in a brown glass bottle, and NaN;
(0.5gL™") was added to inhibit the action of microorganisms. The
sample was subsequently stored at 4 °C. The stored sludge was cen-
trifuged at 4000 X g and 4 °C for 20 min. The supernatant was removed,
and the sediment was collected for experimental analysis and freeze-
drying. The obtained powder is denoted as Biosolid.

In order to cause minimal damage to microbial cells, the EPS was
extracted by the cation exchange resin (CER) method [47]. In the first
step, sludge suspensions were prepared by dispersing 1 g of dry sludge
sample in 250 mL of ultrapure water. Subsequently, CER (70 g/g vola-
tile solids; VS) was placed in the sludge suspension, and the mixture
was stirred at 500 rpm for 4 h. Finally, the sludge suspensions were
centrifuged at 4000 X g and 4 °C for 20 min. The sediment obtained after
extracting the EPS was washed three times using ultrapure water and
freeze-dried to obtain sludge powder with microbial cells but free of
EPS (although some EPS may theoretically still exist), denoted as Bio-
solidgps free- Notably, the Biosolid and Biosolidgps free powders were
produced in quantities sufficient for the experiments performed, al-
lowing the prepared batches to be used in all experiments and thus
ensuring consistency in the characteristics of Biosolid or Biosolidgps free-
The volume-weighted mean sizes of Biosolid and Biosolidgps free Were
40.12 and 25.96 pum, respectively.

2.3. Determination of solid-liquid distribution coefficient

The solid-liquid distribution coefficient, K4, can be calculated by Eq.
(1) [4]:

@

where C. is the concentration of pharmaceutical in the water at ad-
sorption equilibrium and g. is the concentration of pharmaceutical
adsorbed on the Biosolid or Biosolidgps fee at adsorption equilibrium.
This latter value is calculated by Eq. (2):

_ (G =C)eV

A o @
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where Cj is the initial concentration of pharmaceutical in the water, V
is the water solution volume, and M is the mass of Biosolid or Bioso-

lidEPS free-
2.4. Adsorption experiment

A phosphate buffer solution of pH 3-11 at 10 mmol-L~' was pre-
pared using H3PO,4, NaH,PO,2H,0, Na,HPO,, and NaOH. Various
antibiotic aqueous solutions of 100 mg-L ™' were prepared as stock so-
lutions and stored at 4°C. Then, antibiotic aqueous solutions of
350-3500 ug'L.~ ' were prepared by mixing the stock solution and
phosphate buffer solution with the corresponding pH. Fifty milligrams
of Biosolid or Biosolidgps free Was added to 50 mL antibiotic aqueous
solution, and the pH was adjusted to the corresponding value using
1 mol‘L. ™! HCl or NaOH solution. The suspension was stirred at 500 rpm
and 25°C for 6 h (until the adsorption equilibrium had been reached)
and then filtered through a 0.22-ym membrane. Concentrations of trace
antibiotics in water were determined by ultra-high performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS). Thus, the
adsorption isotherm curves and the K4 values of the antibiotics on
Biosolid or Biosolidgps fec Were obtained.

2.5. Analytical methods

The concentration of pharmaceutical in the water was analyzed
according to the EPA method [61] by UPLC-MS/MS (TSQ Quantum
Access MAX System, Thermo-Fisher Scientific, Waltham, MA, USA)
with an electrospray ionization (ESI) ion source and a chromatography
column (Hypersil GOLD 100 X 2.1 mm, 1.9 um particle size, Thermo-
Fisher Scientific). The analysis conditions are provided in the
Supplementary Material (SM) (see SM Table S1). Mobile phase A was
0.3% formic acid + 0.1% ammonium formate, and mobile phase B was
pure methanol. The gradient elution conditions are shown in SM Table
S2. The optimal conditions for the selective reaction monitoring (SRM)
of the mass spectrometer, which can realize the qualitative and quan-
titative analysis of the target pharmaceutical in water, are shown in SM
Table S3. Pharmaceutical standard solutions of 1-4000 pgL~! were
prepared with the phosphate buffer solution of pH 7, and then the
concentration of pharmaceutical in water was quantified by an external
standard method, based on the peak area of the quantified ions.

The powders, including Biosolid, Biosolidgps free, and Biosolid with
CIP adsorbed, were prepared by vacuum freeze-drying (FD-1A-50,
Beijing Boyikang Laboratory Instruments Co., Ltd, Beijing, China).
Biosolid and Biosolidgps free Suspensions were prepared by adding the
corresponding powder into phosphate buffer solution, and the pH was
adjusted to the corresponding value using 1 mol'L.”! HCl or NaOH so-
lution. Then, the zeta potential value was measured using a zeta po-
tential analyzer (Zetasizer Nano ZS90, Malvern, UK). The 50-mL sus-
pension was stirred at 500 rpm and 25°C for 3h and poured into a
3500-Da dialysis bag, and then the bag was added to a 250-mL beaker
with 100 mL buffer solution of the corresponding pH before dialysis was
carried out for 12h. Concentrations of metal ions, including those
dominant in excess sludge such as Ca, Mg, Fe, Al, Zn, Cu, and Mn [62],
were measured in the dialysates using inductively coupled plasma (ICP)
spectrometry (ICAP 7000 Series, Thermo-Fisher Scientific). Sixty mil-
ligrams Biosolid or Biosolidgps e powder was added to a beaker with
20 mL ultrapure water and stirred at 500 rpm and 25 °C for 30 min;
then, the biological phase in the suspension obtained was observed at
400 x under a bright-field microscope (Axioskop 40, Zeiss, Germany).
The powders were analyzed using a Fourier transform infrared (FTIR)
spectrometer (Nicolet iS5, Thermo-Fisher Scientific). The suspension
was centrifuged (Sigma 3K15), the trace drug was weighed using an
analytical balance (MS105DU, Mettler-Toledo, Greifensee, Switzer-
land), and the pH of the solution was adjusted using an automatic po-
tentiometric titrator (916 Ti-Touch, Metrohm, Herisau, Switzerland). A
laser particle size analyzer (Mastersizer 2000, Malvern, UK) was used to
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determine the size distributions of particles such as Biosolid and Bio-
solidgps free Suspended in ultrapure water. The X-ray photoelectron
spectroscopy (XPS) spectra of Biosolid and Biosolidgps gec Were ob-
tained using the Thermo ESCALAB 250 system with non-mono-
chromatized Al Mg radiation as an excitation source (Waltham, MA,
USA).

3. Results and discussion
3.1. Role of EPS

The concentrations of the seven typical quinolone antibiotics in the
excess sludge from the Gaobeidian WWTP in Beijing were analyzed and
are shown in Fig. 2. The Gaobeidian WWTP uses an anaerobic/anoxic/
oxic (A%/0) process with a water treatment amount of 1,000,000 m%/
day. As shown in this figure, all antibiotics except LOM were detected at
high concentrations in the excess sludges of the WWTP.

Considering that the pH of municipal wastewater is usually between
6 and 8, pH values of 5, 7, and 9 were investigated in this study. Fig. 3
shows the K4 values of three typical quinolone antibiotics (CIP, SAR,
and MOX) from three generations in Biosolid and Biosolidgps free at pH
values of 5, 7, and 9. Similar to the characteristics of trace drugs pre-
viously detected in sludge [4,45], the K4 values of antibiotics in Biosolid
were higher than those in Biosolidgps fee, independent of pH and qui-
nolone antibiotic type. Moreover, the K4 value decreased markedly as
pH increased in the range of pH 5-9 (range of municipal wastewater),
as shown in Figs. 3 and 9 (for detailed description, see Section 3.2). The
results imply that if the excess sludge is used as an agricultural sup-
plement, the antibiotics adsorbed on the surfaces of microbial cells may
be released due to exfoliation of the EPS caused by changes in en-
vironmental conditions. This could lead to contamination of the aquatic
environment, causing a secondary environmental hazard [4]. WWTPs
are the most important emission point sources of trace pharmaceuticals,
and the main fate of quinolone antibiotics is excess sludge; therefore, it
is especially necessary to further study the characteristics and con-
trolling factors of quinolone antibiotics adsorbed on microbial cells.

Photomicrographs of Biosolid and Biosolidgps fee are shown in
Fig. 4, verifying that EPS indeed acts as a flocculant in the formation of
activated sludge flocs [63]. Furthermore, Fig. 5 shows the typical size
distributions of Biosolid and Biosolidgps free, Which exhibited specific
surface areas of 1.04 and 1.37 m>g ™, respectively, indicating that the
specific surface area of Biosolidgps fce Was larger than that of Biosolid.
Cells in the Biosolid suspension are encased in the surrounding EPS and
aggregate into microbial flocs. Biosolidgps fee flocs are smaller and
looser due to the absence of EPS. Therefore, although the specific sur-
face area of Biosolidgps free is larger than that of Biosolid, Biosolidgps free
exhibited a lower antibiotic adsorption capacity (Fig. 3), indicating that
the macroscopic size of floc or morphology of microbial cell poly-
merization is not the main determinant of the adsorption of pharma-
ceuticals on the surfaces of microbial cells in excess sludge.

The FTIR spectra of Biosolid, Biosolidgps free, and Biosolid with CIP
adsorbed are shown in Fig. 6. The Biosolid and Biosolidgps free powders
showed similar peak positions, indicating that they have similar char-
acteristic functional groups, such as the alcoholic hydroxyl of O —H
(3400-3330cm™ %), the carbohydrate of CH;, CH,, CH
(3000-2900 cm 1), the amino acid amide I of C=0 (1654 cm ™ 1), the
alkane of CH; (1455cm™ 1), and the polysaccharide of C—O—C or
C—O0H (1000-1150 cm ™ 1). In other words, the cell membrane and EPS
contain similar organic components, such as polysaccharides, proteins,
lipids, and nucleic acids [46,64]. A previous study also demonstrated
that the characteristics of ionized pharmaceuticals adsorbed on excess
sludge are not dependent on the content or type of organics [4].
However, the antisymmetric (v,s) and symmetric (v5) stretching vibra-
tion peaks of COO ™ for Biosolidgps free are shifted to the right compared
to that for Biosolid, with the two variations being 1546 — 1542 cm ™!
and 1402 — 1396 cm ~ !, respectively. Hence, it is confirmed that the
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loss of metal ions in Biosolidgps fee after the extraction of EPS caused a
shift in the stretching vibration peaks of COO ™, as metal ions can in-
duce shifts in COO~ peak positions [47,65]. This may be the main
reason that Biosolidgps free has a lower adsorption capacity for quino-
lone antibiotics, as shown in Fig. 3. Furthermore, the antisymmetric
(vas) and symmetric (vs) stretching vibration peaks of COO~ and the
stretching vibration peak of aromatic C—F for Biosolid with CIP ad-
sorbed were more obvious than those for Biosolid, confirming that the
quinolone antibiotic was adsorbed on the surfaces of the cells in Bio-
solid.

In order to elucidate the elementary compositions of the surfaces of
microbial cells in excess sludge, XPS spectra were obtained to char-
acterize the difference between Biosolid and Biosolidgps free. The XPS
spectra of Biosolid and Biosolidgps fee are shown in Fig. 7. Both full
spectrum diagrams contained obvious peaks, such as O 1s (510eV), N
1s (400eV), C 1s (285eV), P 2s (191eV), P 2p (134eV), Al 25
(119eV), and Al 2p (74 eV). The peak of Ca 2p (347 eV) was stronger in
Biosolid, whereas the peak of Fe (712.00 eV) was weak in both sub-
stances, and that of Mg 2p (50.25eV) was detected only in Biosolid.
Table 3 shows the elementary compositions (atomic %) obtained by
XPS spectra of the surfaces of microbial cells for Biosolid and Biosoli-
dgps free- Based on these, we concluded that the content of metals such
as Ca, Mg, Fe, and Al was higher in Biosolid than in Biosolidgps free,
indicating that a decrease in the content of metals bound to the EPS
could be the major reason for the adsorption capacity difference be-
tween the two substances and suggesting that the metals bound to the
EPS may play a key role in the adsorption of antibiotics in excess
sludge.

3.2. Effect of pH value

Fig. 8 shows the relationship between the zeta potential and pH of
Biosolid and Biosolidgps free- It is clear from the figure that both pow-
ders carry a negative charge at pH > 3, regardless of the presence of
EPS, and that the negative potential of the microbial cell floc decreases
with increasing pH. Therefore, the adsorption capacities of antibiotics
on Biosolid and Biosolidgps fee decreased markedly over the range of
pH 5-9 (range of municipal wastewater), showing an exponential de-
cline in K, values (Fig. 3).

Considering that quinolone antibiotics are ionic compounds in
water, the K4 values of seven typical quinolone antibiotics (CIP, SAR,
MOX, NOR, LOM, ENR, and OFL) adsorbed on Biosolid were in-
vestigated at pH 3-11, as shown in Fig. 9. The K4 values of all quinolone
antibiotics first increased and then decreased with increasing pH,

106

10°

104

Conc. of antibiotics in sludge [pg/g TS]

103
CIP SAR MOX NOR LOM ENR OFL

Fig. 2. Concentrations of seven typical quinolone antibiotics in excess sludge
from the Gaobeidian WWTP in Beijing.
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Fig. 4. Typical photomicrographs of suspensions of (a) Biosolid and (b)
Biosolidgps free.

Fig. 4. (continued)
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Fig. 5. Size distributions of Biosolid and Biosolidgps free.

reaching a maximum at about pH 5. Therefore, the zeta potential of
Biosolid is not the main determinant of the adsorption of antibiotics on
the surfaces of microbial cells in excess sludge at pH 3-11, because of
the monotonic relationship between the zeta potential of Biosolid and
pH (Fig. 8). Based on the pK, values of the seven antibiotics (Table 1),
the speciation fractions of cations, zwitterions, and anions were cal-
culated as a function of pH (see SM), and the results are shown in SM
Fig. S1. At pH 3, quinolone antibiotics present as predominantly ca-
tionic because their —NH or —N binds to H* [66] and the microbial
cell floc in Biosolid is electropositive (Fig. 8); therefore, the K, value (or
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Fig. 7. XPS spectra of (a) Biosolid and (b) Biosolidgps free.

adsorption capacity) is low because of electrostatic repulsion. At pH
3-5, a portion of quinolone antibiotics become amphoteric or anionic as
the pH increases (see SM Fig. S1); the —COOH of the antibiotics loses
H*, becoming —COO~ [66], and then cationic bridging occurs due to
the interaction of the —COO ™ in the antibiotic and metal cations in the
EPS of sludge cells [50-53]. Thereby, the adsorption content of anti-
biotics is promoted in Biosolid. At pH = 5, the cation fractions of the
seven antibiotics gradually decreased (see SM Fig. S1), as did the cor-
responding Ky values (Fig. 9), indicating that the electrostatic interac-
tion between the cationic antibiotics and the negatively charged mi-
crobial cell floc may dominate [4].

3.3. Role of metal ions

Based on the results presented in the previous two sections and the
mechanism of antibiotic adsorption in excess sludge (Fig. 1), we
speculated that the metal ions bound to the EPS may play a key role in
the adsorption of antibiotics in excess sludge. Therefore, the typical
dominant metal ions in excess sludge, such as Ca, Mg, Fe, Al, Zn, Cu,
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7. (continued)

Metal ions Ion radius [pm] Content* [mg:(g TS**) ']
AR* 55 38.18

Ca%* 100 20.68

cu?* 73 0.57

Fed* 53.5 11.06

Mg?* 72 411

Mn2* 67 0.11

Zn?* 74 1.05

*Contents of corresponding metals including all valence states in dry sludge

(Biosolid).
**TS, total solids.

Table 3

Elementary compositions (atomic %) obtained by XPS spectra of the surfaces of

microbial cells for Biosolid and Biosolidgps free.

Element Biosolid [%] Biosolidgps free [%]
C 66.28 71.88

N 3.83 3.34

o) 22.87 20.28

P 1.86 1.55

Al 3.30 2.30

Ca 0.94 0.33

Fe 0.39 0.32

Mg 0.53 0.00

and Mn [62], were investigated, and their concentrations were mea-
sured (Table 2). Fig. 10 shows the concentrations of seven metal ions
adsorbed in the sludge solid phase (Biosolid) at various pH values. The
concentrations of Ca and Mg increased with increasing pH, and the
concentration of Fe was basically invariable. Since Al is an amphoteric
metal, the content of Al (AI®* and AlO?7) first increased and then
decreased as pH increased. While the concentrations of Zn, Cu, and Mn
were low in the sludge, those of Zn and Mn increased while that of Cu
remained constant with increasing pH.

In order to study the role of metal ions in the adsorption of quino-
lone antibiotics in excess sludge, the adsorption properties of three
typical quinolone antibiotics (CIP, SAR, and MOX) from three genera-
tions in dry excess sludge (Biosolid) were investigated. Fig. 11 shows
the variation in the concentrations of metals in Biosolid with CIP
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pH
Fig. 10. Concentrations of metals in Biosolid without antibiotic adsorption at adsorption across various pH values. The concentration of Fe remained
various pH values. (a) Ca, Mg, Fe, and Al (b) Zn, Cu, and Mn. unchanged as the pH value increased, whereas that of Al increased
suddenly at pH 11, probably because of the presence of formed AlO?~,
which combines with the cations in EPS (Fig. 1). The concentrations of
Zn, Cu, and Mn also remained unchanged, probably because their low
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absolute concentrations had less of an effect on the adsorption of an-
tibiotics. Surprisingly, the variation in the concentrations of Ca and Mg
in Biosolid peaked at about pH 5, while the variations in the other five
metals were minimal, and this was notably the pH at which the Ky
values (or adsorption capacities) of the quinolone antibiotics in Biosolid
were also at a maximum (see Fig. 9). This may be due to the larger ion
radius and higher contents of Ca®>* and Mg®* in excess sludge (see
Table 2). Therefore, this result indicates that the cationic bridging of
Ca®* and Mg®>* in the sewage sludge may be predominantly re-
sponsible for the quinolone adsorbed on the surface of microbial cell
floc in excess sludge [50-53]. Similar results were also obtained for SAR
and MOX (SM Figs. S2 and S3).

3.4. Adsorption isotherms of typical pharmaceuticals

Generally, the temperature of the wastewater in WWTPs is constant
(for example, 20-24 °C in summer and 10-15 °C in winter), and the
adsorption behaviors of quinolone antibiotics are considered to reach
an adsorption equilibrium because of the continuous influx and efflux
of wastewater or sludge in WWTPs. Therefore, the practical significance
of the kinetics and thermodynamic parameters commonly used in the
adsorption materials field was not investigated in this study. This
manuscript focused instead on the antibiotic adsorption capacities of
microbial cells in excess sludge, and all experimental data were ob-
tained after the adsorption equilibrium had been reached. For simpli-
city, in this study, we investigated the adsorption isotherms of trace
amounts of three typical quinolone antibiotics—CIP (second-genera-
tion), SAR (third-generation), and MOX (fourth-generation)—on mi-
crobial cells in excess sludge. In our experiments, the concentration of
Biosolid was 1.0 g/L, and the initial concentrations of quinolone anti-
biotics were 350-3500 pg/L; therefore, the adsorbent (Biosolid) was
present in excess relative to the adsorbates (quinolone antibiotics). SM
Figure S4 shows the variation in the concentrations of CIP, SAR, and
MOX in solution with adsorption time, and it is clear that the adsorption
equilibrium had been reached after 2h. SM Figure S5 shows ordinary
coordinate plots (C, vs g.) that indicate that a saturation state had not
yet been reached because of the low initial concentrations
(350-3500 pg/L) of quinolone antibiotics.

The adsorption isotherms of three typical quinolone antibiotics
(CIP, SAR, and MOX) from three generations in Biosolid are shown in
Fig. 12, with C./q. vs q. plotted in Fig. 12(a) on ordinary coordinates
and C, vs g, plotted in Fig. 12(b) on a double-logarithmic scale. Two
classical adsorption isotherm models were used to evaluate the ad-
sorption properties of quinolone antibiotics in excess sludge. The
Langmuir model formula is expressed as Eq. (3):

C. 1

g Quak

Ce
Qmax

3

where Qax is the amount of quinolone antibiotics adsorbed to form
monolayer coverage, and K is the Langmuir adsorption equilibrium
constant. The Freundlich model formula is expressed as Eq. (4):

g, = KeCeM'" Q)

where K¢ and n are the Freundlich adsorption coefficients. Here, K is
related to adsorption capacity and adsorbate-adsorbent affinity; 1/n
ranges between 0 and 1 and is a measure of the adsorption intensity or
surface heterogeneity, becoming more heterogeneous and more favor-
able for adsorption as its value gets closer to zero [67]. As shown in
Fig. 12, the Freundlich model was more suitable than the Langmuir
model, similar to results previously reported in the literature
[44,55,68]. The Langmuir model assumes that the surface of the ad-
sorbent is uniform and that the adsorbate is a monolayer adsorption;
however, multi-layer or even more complex adsorption may occur for
the quinolone antibiotics adsorbed on the surface of microbial cells in
excess sludge. The Freundlich model is an empirical formula and has
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been adopted widely. As shown in Eq. (4), the value 1/n reflects whe-
ther the adsorption of antibiotics on the surface of microbial cells in
excess sludge is favorable; the smaller the value, the stronger the het-
erogeneity of the adsorbed surface, generating more favorable adsorp-
tion [67]. Therefore, the surface heterogeneity of microbial cells in
excess sludge is high and favorable for adsorption because the value (1/
n) obtained for each pharmaceutical was < 1 in this study. Table S4
shows the adsorption properties of Biosolid in this study and the ad-
sorbents reported in the literature. The obtained Q,.x values from the
Langmuir isotherm correlations for CIP, SAR, and MOX were 10.66,
22.93, and 14.27 x 10° pgkg ™!, respectively, which are lower than
those of other adsorbents reported in the literature, probably due to
Biosolid’s low surface area (1.04 m*g~1) and fewer adsorption sites. It
should be noted that our research objectives were not to obtain an
adsorption material such as Biosolid from excess sludge but to illumi-
nate the adsorption properties of quinolone antibiotics on microbial
cells in excess sludge.

4. Conclusions

The occurrence of seven typical quinolone antibiotics from three
generations in excess sludge was investigated at trace concentrations.
EPS plays an important role in the adsorption of quinolone antibiotics
by microbial cells in excess sludge and can facilitate adsorption in-
dependent of pH and antibiotic type. The solid-liquid distribution
coefficient, K,, decreases markedly as pH increases (pH 5-9, range of
municipal wastewater). Metal ions bound to EPS are predominantly
responsible for the adsorption of antibiotics in sludge, rather than the
macroscopic size of the sludge floc. The pH value affects the patterns of
quinolone antibiotics, the zeta potential of sludge floc, and the contents
of metal ions contained in the sludge. The adsorption capacity of an-
tibiotics in the excess sludge first increased and then decreased with
increasing pH at pH 3-11 and reached a maximum value (20,506,
14,458, 10,689, 22,854, 20,302, 8494, and 29,547 L/kg for CIP, ENR,
LOM, MOX, NOR, OFL, and SAR, respectively) at pH 5. Also, at this pH,
the cationic bridging of Ca>* and Mg®* bound in the EPS plays a major
role due to their larger ion radius and higher contents in excess sludge.
The Freundlich model is more suitable than the Langmuir model for
describing the adsorption behavior of quinolone antibiotics in excess
sludge because of the high surface heterogeneity of the sludge. Our
results imply that quinolone antibiotics adsorbed on the surfaces of
microbial cells may be released upon the exfoliation of EPS caused by
changes in environmental conditions when excess sludge is used as an
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Fig. 12. Langmuir (a) and Freundlich (b) sorption isotherms for typical qui-
nolone antibiotics from three generations.
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Fig. 12. (continued)

agricultural supplement, thereby contaminating the aquatic environ-
ment and causing a secondary environmental hazard. Thus, additional
measures are necessary to remove antibiotics from excess sludge before
agricultural use, and future studies should investigate the development
and efficacy of such measures.
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