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• Occurrence and multi-phase distribu-
tion of antibiotics were monitored sea-
sonally.

• Colloids can play an important role to
remove antibiotics from aquatic envi-
ronments.

• Partition coefficient log Kcol. was mainly
negatively correlated with binding Ca
and Mg.

• Competitive adsorption was insignifi-
cant in the colloidal sorption behaviors
of antibiotics.

• Colloid-bounding is important in the
environmental behaviors of organic
pollutants.
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Understanding antibiotic adsorption on natural colloids is crucial for prediction of the behavior, bioavailability
and toxicity of antibiotics in natural waters. In the present study, the filtered water (dissolved phase, b0.7 μm)
was further separated into colloidal phase (1 kDa-0.7 μm) and soluble phase (b1 kDa) by cross-flow ultrafiltra-
tion (CFUF), and the spatial-temporal variation and distribution of six antibiotics inmulti-phaseswere investigat-
ed in Baiyangdian Lake. Results indicated that antibiotic concentrations differed significantly with sampling
location and time. The mean concentrations of antibiotics ranged between 13.65 and 320.44 ng L−1 in the dis-
solved phase, and the colloidal phase accounted for 4.7–49.8% of all antibiotics, suggesting that natural colloids
play an important role as carriers of antibiotics in aquatic environments. Because of the influence of colloids,
the partition coefficients of antibiotics between suspended particulatematter (SPM) and soluble phase (intrinsic
partition coefficients, Kp

int) were found to be 6.18–109.60% higher than corresponding observed partition coeffi-
cients (Kp

obs, between SPM and dissolved phase). The mean partition coefficients between colloidal and soluble
phase (Kcol.) ranged between 6218 and 117,374 L kg−1, which were 1–2 orders of magnitude greater than Kp

int

values. In order to explore the adsorption mechanism of antibiotics on colloids, Pearson's correlations were per-
formed. The results showed that log Kcol. were negatively correlated with cations in natural colloids; especially
with Mg (r, −0.643, P b 0.01) for oxytetracycline (OTC), and with both Ca (−0.595, P b 0.01) and Mg
(−0.593, P b 0.01) in the case of ofloxacin (OFL). This result revealed that the competitive effect between cations
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and antibiotics was the main factor influencing the adsorption behavior of antibiotics on natural colloids in the
lake.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Since the discovery of penicillin, humans have developed thousands
of strong bactericidal antibiotics that have been widely applied in the
treatment of microbial infections (Kümmerer 2003; Kümmerer
2009a), and in the livestock and aquaculture industries (Gibs et al.
2013), which has resulted in a large amounts of these compounds and
their metabolites being introducing into the aquatic environment
(Cheng et al. 2014a; Yan et al. 2013). Antibiotic residues can cause the
development of antibiotic-resistant bacteria in the aquatic ecosystems
(Jo et al. 2011), and also accelerate the generation of antibiotic resis-
tance genes (ARGs) (Kümmerer 2009b). Such genes may eventually
enter the human body through horizontal gene transfer and produce
unpredictable negative effects on human health (Peng et al. 2008).
Therefore, antibiotics and their environmental effects have become a
focus for research on environmental pollutants in the aquatic environ-
ment (Zhang et al. 2012).

In recent years, there has been much research focused on distribu-
tion, transport and effect factors on antibiotics in environmental waters
(Kümmerer 2009a, 2009b). Studies have found that the transportation
and transformation behavior of pollutants is dependent on their adsorp-
tion characteristics in the aquatic environment (Gustafsson and
Gschwend1997). For example, the photodegradation rate of amoxicillin
showed an obvious positive correlation with its sorption on dissolved
organic matter (DOM) (Xu et al. 2011). However, most studies to date
have been limited to the “pure state” or “truly dissolved state” of antibi-
otics. Less is understood about the real state of antibiotics in the natural
waters where they may be in a “particulate state” formed by the sorp-
tion of antibiotics on inorganic or organic particles.

When organic contaminants are introduced into the aquatic envi-
ronment, their adsorption on suspended particulate matter (SPM) un-
doubtedly becomes one of the most important factors determining
their transport and fate. The adsorption abilities are usually designated
based on their distribution between two phases according to the parti-
cle size, i.e.,“dissolved phase” that passes through the filters of pore size
between 0.22 μm to 0.70 μm, and “SPMs” that are retained on the
0.70 μm filters (Baker et al. 2012; Duan et al. 2013). The conventional
dissolved phase can be further divided into a spectrum of colloidal par-
ticles plus a further filtrate that was termed the “soluble phase” (Lead
and Wilkinson 2006). Colloids are ubiquitous components in the size
range between 1 nm and 1 μm of aquatic environments such as fresh-
water, seawater and groundwater, and may reach a maximum of 108

particles per liter (Gustafsson and Gschwend 1997; Kim 1994). It has
been shown that colloidal organic carbon (COC) makes up a significant
fraction (up to 76%) of total organic carbon (TOC) in aquatic environ-
ments (Benner and Hedges 1993; Dai and Benitez-Nelson 2001).

Colloids can act as potential adsorption sites for organic pollutants,
such as pharmaceuticals and estrogen compounds, in the aquatic envi-
ronment, and thus their colloidal adsorptions should influence their
mobility, reactivity and bioavailability (Yan et al. 2015b; Yang et al.
2011). Therefore, it is important to understand the adsorption mecha-
nism of organic pollutants on natural colloids. Up to now, most studies
of the interactions between natural colloid and organic contaminants
have been applied on humic substances that are produced commercially
and which are isolated chemically from total colloid matter in natural
aquatic environments (Xu et al. 2011). It is generally known that
humic substances may not replace natural colloids in their geochemical
properties and environmental behavior. In addition, recent studies of
adsorption of organic pollutants on natural colloids have focused on hy-
drophobic and moderately hydrophobic organic compounds (Means
and Wijayaratne 1982; Nie et al. 2014; Yang et al. 2011) and neglected
ionic organic compounds such as antibiotics.

The adsorption behavior of antibiotics in the environment depends
not only on the structures of antibiotics, but it also strongly depends
on their physicochemical properties (Gong et al. 2012; Tolls 2001;
Wegst-Uhrich et al. 2014; Yan et al. 2015b). Because most antibiotics
are amphoteric molecules that exist in complex speciation behaviors
with varying pH, their interactions with soil or sediment are likely to
be highly pH dependent (Chu et al. 2013;Wegst-Uhrich et al. 2014). Al-
though factors affecting adsorption of antibiotics to environmental sub-
strates such as soil and sediment have been studied (Li and Zhang 2016;
Pan and Chu 2016), few studies have examined interactions between
antibiotics and natural colloids.

In the present study we hypothesized that natural colloids would
have strong interactions with antibiotics, and that colloids with differ-
ent physicochemical properties should lead to different partitioning be-
haviors of antibiotics. Therefore, the major objectives of this study were
(1) to investigate the spatio-temporal variation of antibiotics in the
SPM, the colloidal phase and the soluble phase, (2) to evaluate the influ-
ence of colloids in the partitioning among different phases and (3) to
determine the factors that could possibly influence the colloid partition
of antibiotics. We selected three types of typical antibiotics, including
tetracyclines (TCs), sulfonamides (SAs) and fluoroquinolones (FQs), as
a primary focus for our study because of their wide use and variable
sorption properties (Table S1) (Cheng et al. 2014a; Gong et al. 2012).
Considering the conformity with the previous studies, 0.70 μm of parti-
cle size as upper limit of colloids was selected in this study, that was
slightly smaller than the upper limit of colloidal definition (1 μm),
which facilitated the comparisons of the current results with those
from the previous studies.

2. Experimental section

2.1. Reagents and chemicals

Oxytetracycline (OTC), tetracycline (TC), sulfadiazine (SDZ), sulfa-
methazine (SMZ), norfloxacin (NOR) and ofloxacin (OFL) (Table S1)
were acquired from Dr. Ehrenstorfer (Augsburg, Germany). 13C3-
Caffeine as internal standard was purchased from Cambridge Isotope
Laboratories, USA. Separate standard stock solutions (500 mg L−1) of
individual antibiotics and 13C3-Caffeine were prepared by dissolving in
methanol. One 50 mg L−1 mixture of working standards containing
each compound was prepared by diluting each standard stock solution
withmethanol. All standard solutionswere stored at−20 °C. Methanol
and acetonitrile (HPLC grade) were acquired from Fisher Science Co.
The other chemicals used in the study were of analytical grade.

2.2. Sampling sites

Baiyangdian Lake is the largest natural freshwater lake in the North
China Plain (Fig. 1), which covers N366 km2 with an average depth of
approximately 2–4m. It consists of N100 small and shallow lakes linked
by thousands of ditches. Currently, there are N243,000 people living in
39 villages scattered in it. Two sampling events were conducted in Oc-
tober 2013 and June 2014 at ten sampling sites (Site 1–10) representing
slightly polluted, urban, and agriculturally influenced areas in the
Baiyangdian Lake (Fig. 1 and Table S5). All water samples were col-
lected in pre-cleaned high-density polyethylene (HDPE) fluorinated
plastic barrels (30 L). Sodium azide (2 mol L−1, 5 mL L−1 of sample)
was added to water samples for effective preservation so as to



Fig. 1. Sampling sites (S1–S10) in the Baiyangdian Lake and its geographical location.
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minimize any degradation of the target antibiotics. Once transported
to the laboratory, the water samples were filtered immediately
through 0.7 μm glass fiber membranes (GF/F, Whatman) to obtain
filtrates (dissolved phases) (Fig. 2) (Maskaoui and Zhou 2010). The
glass fiber membranes were previously combusted at 450 °C for 5 h
in muffle to remove any organic matter and get constant weigh.
The collected SPM on the glass fiber membranes were determined
after being freeze dried and stored in an airtight container until
extraction.

2.3. Natural colloid isolation

As showed in Fig. 2, the filtered water samples were further proc-
essed by cross-flow ultrafiltration (CFUF) (1 kDa-PLAC, Millipore
Pellicon 2) to obtain colloidal and soluble phases, and an optimum con-
centration factor (cf) of 10 was adopted due to the minimized targeted
antibiotics sorptive losses during the CFUF (Maskaoui et al. 2007;
Wilding et al. 2005). When the isolation was over, all aqueous samples
(dissolved, colloidal and soluble phases) were refrigerated at 4 °C and
analyzed within two weeks of sampling. In addition, the dry weight of
the colloidal fraction was determined after freeze drying (Sigleo and
Macko 2002). All aqueous samples were analyzed for organic carbon
with a TOC analyzer (Shimadzu TOC-VCPH/CPN, Japan) (Maskaoui
and Zhou 2010). All aqueous samples were acidified to 1% HNO3 and
stored in acid-cleaned polypropylene bottles at 4 °C until inductively
coupled plasma optical emission spectroscopy (ICP-OES, Spectro
Arcos, Germany) analysis for major element (Mg, Ca, Na, K, Fe) contents
(Hill and Aplin 2001).



Fig. 2. Procedure used for multi-phases (SPM, dissolved, colloidal and soluble phase) separation and corresponding extraction methods of antibiotics.
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2.4. Extraction and analysis

The methods of extraction and analysis of antibiotics are shown in
Fig. 2. All aqueous samples (dissolved, soluble and colloidal phases)
were extracted by solid phase extraction (SPE) using Oasis HLB car-
tridges (500 mg, Waters) (Cheng et al. 2014a). Before extraction, all
aqueous samples were spiked with 13C3-Caffeine (100 ng). Once ex-
tracted by SPE, the antibiotics and internal standard were eluted using
10 mL methanol, and then concentrated to 0.5 mL by evaporation
under N2. The SPM samples were extracted by microwave-assisted sol-
vent extraction (MASE) (MARS-6, CEM Microwave Technology, North
Carolina, USA) (Cheng et al. 2014a; Maskaoui and Zhou 2010). Prior to
the MASE by the addition of solvents (methanol), SPM samples were
spiked with 13C3-Caffeine (100 ng) and allowed to mix for 4 h.

All the extracted antibiotics were analyzed by high performance liq-
uid chromatography- electrospray ionization tandem mass spectrome-
try (HPLC-ESI-MS/MS), using the multiple reaction monitoring (MRM)
mode (Cheng et al. 2014a). The LC separation was performed using Ul-
timate 3000 HPLC separations module (Dionex, USA), equipped with a
Sunfire C18 column (150mm× 4.6 mm, 3.5 μm,Waters, USA). Themo-
bile phasewas composed of A (0.1% formic acid in ultrapurewater), and
eluent B (acetonitrile). At the flow-rate of 0.8 mL min−1, 10 μL sample
extracts were injected and the gradient elution runs as follows: 0–
1 min, 15% B; 1–7 min a linear gradient to 95% B; 7–9 min, 95% B. The
column temperature wasmaintained at 40 °C. The tandemMS analyses
were carried out on a API 3200 triple-quadrupole mass spectrometer
equipped with an electrospray ionization (ESI) source that was operat-
ed in positive (ESI+) mode (Applied Biosystems/MDS Sciex, USA). The
ion spray voltage and source temperaturewere set at 5500V and 600 °C,
respectively. Following the selection of precursor ions by the first quad-
rupole mass analyzer, nitrogen as curtain gas, ion source gas 1 and ion
source gas 2 was set at 25, 60, and 70, respectively. The multiple reac-
tions monitoring (MRM) experiment were listed in Fig. S1 and Table
S2. The detailed processes of extraction and analysis are summarized
in the Supporting Information.
2.5. Quality assurance and statistical analysis

To assess the adsorption of antibiotics on the ultrafiltration mem-
branes during the CFUF operation, the static and CFUF equilibrium ad-
sorption tests were performed (Liu et al. 2005). The detailed testing
processes are summarized in the Supporting Information. To quantify
the six targeted antibiotics, stable isotope-labeled internal standards
(13C3-Caffeine)were selected on the basis of the relative response factor
(RRF) (Zhang and Zhou 2007).

RRF ¼ Ais

Aant
� Cant

Cis
ð1Þ

where Aant is peak area of the antibiotic in the standard; Cant is concen-
tration of the antibiotic in the standard; Ais is peak area of internal stan-
dard; and Cis is concentration of the internal standard. The recoveries of
the selected target compounds were determined using the standards
addition method. Limits of detection (LOD) and limits of quantification
(LOQ) were determined as the minimum detectable amount of an ana-
lyte with a signal-to-noise (S/N) of 3 and 10, respectively. The detailed
testing processes are summarized in the Supporting Information. All
samples were analyzed in triplicate, and the relative standard deviation
was b25%.

Pearson's correlation (SPSS software, Windows version 16.0, SPSS
Inc.)was performed in order to determine relationships between colloi-
dal adsorption characteristics of antibiotics and the physicochemical
properties of the colloidal phase.

3. Results and discussion

3.1. Quality assurance

The six antibiotics showed little adsorption onto the glass
container's walls and membrane materials in the three types of waters
during the static experiments, and the recovery varied between 78%
and 122% (Fig. S2). In addition, the CFUF equilibrium adsorption tests
were shown good recoveries for target compounds, ranging from
85.7% to 120%, 58.9% to 107% and 64.4% to 128% in pure, river, and sea
water, respectively (Table S3).

The RRF of all antibiotics was stable throughout the duration of 96 h.
The variability of RRF values for 6 antibiotics (represented by RSD) with-
in 96 h is between 1 and 10% (Fig. S3). Thus the selected internal stan-
dards combined with their RRF value provide a suitable and affordable
means for quantifying the antibiotics in environmental samples in this
study. The recovery ranged from 68 to 102% and 65–92% for lake
water and SPM, respectively (Table S4). The high recoveries in the
lake waters and SPMs suggested that the matrix effects of the lake
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waters and SPMs were relatively minor. The LOQ ranges of the six anti-
biotics in the lake water and SPM samples were between 1.3 and
3.7 ng L−1 and 1.2–3.6 ng g−1, respectively (Table S4).
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3.2. Occurrence of antibiotics in Baiyangdian Lake

3.2.1. Occurrence of antibiotics in the dissolved phase
The concentrations of antibiotics in the dissolved phase are summa-

rized in Table 1. Concentrations of TCs, SAs and FQs ranged from 2.08
(OTC) to 220.16 (TC) ng L−1, bLOQ (SDZ) to 1198.12 (SMZ) ng L−1

and 2.86 (NOR) to 3107.68 (OFL) ng L−1, respectively.
The concentrations of SAs and TCs in the Baiyangdian Lake are of

similar levels to some other regions such as the fishponds around Tai
Lake in China (Song et al. 2016) with 176.50 ng L−1 of SAs and
23.89 ng L−1 of TCs on their average concentrations. Concentrations of
SAs and FQs were greater than what was previously found in
Baiyangdian Lake, especially for both SMZ and NOR. Both of these anti-
biotics have increased more than tenfold within the previous three to
five years (Cheng et al. 2014a; Li et al. 2012). The increased concentra-
tions might be attributed to their heavy use in both livestock and aqua-
culture industries expanded in this area due to economic development
(Fabinyi and Liu 2014; Yang 2013). However, for TCs, themean concen-
trations (OTC, 29.67 ng L−1; TC, 17.46 ng L−1) were similar or slightly
reduced compared with our earlier study in Baiyangdian Lake (OTC,
27.17 ng L−1; TC, 25.95 ng L−1) (Cheng et al. 2014a), likely due to the
gradual replacement of TCs by other more effective antibiotic com-
pounds that have been extensively used as both human and livestock
medicine in China in the past (Zou et al. 2011).

In the dissolved phase, there were significant differences (P b 0.05)
in antibiotic concentrations between sampling sites within the two
sampling periods (Fig. 3a). Site 10 was the most polluted with the
highest total average concentration (TAC, TAC = ∑Ci, where Ci is the
average concentration of every antibiotic in every sampling site) of
the six antibiotics (2961.23 ng L−1). Site 10 was located in a region
with aquaculture and livestock feeding (Fig. 1), and the highest levels
were the result of discharge of aquaculture and livestock wastewater
in the lakewithout treatment. Therewas a trendof decreasing antibiotic
concentration levels with increasing distance from Site 10 (TAC, de-
creased from 2961.23 ng L−1 at Site 10 to 980.25 ng L−1 and
396.60 ng L−1 at site 9 and Site 8, respectively), Site 10 lies within an
aquaculture area, in contrast to Sites 8 and 9, indicating that aquaculture
may be a possible source of the antibiotics in Baiyangdian Lake (Cheng
et al. 2014b; Shi et al. 2012). The second highest TACs of antibiotics in
the dissolved phase were 1367.11 ng L−1 and 874.47 ng L−1 at Site 1
and Site 3, respectively. Site 1 and Site 3 were located in Fuhe River
and Baigou River, respectively, that were two rivers receiving wastewa-
ters from Baoding City and nearby villages (Fig. 1), especially Fuhe River
that runs through the Baoding city receives a huge amount of domestic
wastewater from the city (Cheng et al. 2014a), thus Site 1 and Site 3 had
higher antibiotics than those in Baiyangdian Lake Site 2 and Site 4–8
(TAC, 313.36–764.98 ng L−1). Therefore, wastewater discharge from
city and villages is the main source of antibiotics in Baiyangdian Lake
(Li et al. 2012). The higher concentration of antibiotics was also found
at Site 6 (TAC, 764.98 ng L−1), whichwas located in awell-known tour-
ism location, which had a more dense population than other regions. In
general, antibiotics levels varied with locations in Baiyangdian Lake,
with high concentrations being contributed around rivers' wastewater
discharging into the lake and agricultural activities nearby residents,
such as aquaculture.

With the exception of TCs, overall antibiotic levels in June were
higher than those in October (Fig. 3a). The total contents of SAs at
each sampling site were about 2–112 times greater in June than in Oc-
tober. The average concentration of SMZ in June was 34 times higher
than in October,whichwas the highest ratio among all of the antibiotics.
Total concentrations of FQs were about 2–6 times higher in June than in
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October. This result was not surprising because SAs and FQs is typically
used in human and veterinary medicine to treat and prevent infectious
diseases, especially fish diseases, that occur more frequently due to the
high ambient temperature in June (during the early and intermediate
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23.04 ng L−1). The concentrations of TCs were significantly high in
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October, possibly due to therapeutic strategies to prevent and treat
most respiratory infection in north China (Matsuia and Ozub 2008).
Due to the lower temperature, less effective of photo- and bio-degrada-
tion rates would also contribute to the higher concentrations of TCs in
October (Doll and Frimmel 2003; Loftin et al. 2008). In addition, tradi-
tional planting of winter wheat usingmanure application and flood irri-
gation can lead to the release of TCs frommanure into surfacewater via
overflow and drain flow (Cheng et al. 2014a).
3.2.2. Occurrence of antibiotics in SPM
The concentrations of TCs, SAs and FQs in SPM were summarized in

Table 1 and ranged from bLOQ (OTC and TC) to 67.11 (OTC in October at
Site 1), bLOQ (SMZ and SDZ) to 143.66 (SMZ in June at Site 10) and 7.41
(NOR and OFL) to 180.08 (OFL in June at Site 10) ng g−1, respectively.
Similar levels of antibiotics in SPMwere reported by Stein et al. (2008).

As shown in Fig. 3b, the highest TAC of 339.81 ng g−1 was found at
Site 10. The highest mean concentration was found for NOR
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(146.19 ng g−1) in SPM.Heavy use of antibiotics in high-intensity aqua-
culture areas may be contributed to this result. Antibiotics from Site 1
displayed the second highest concentrations (TAC, 250.88 ng g−1) in
SPM. Distribution of antibiotics were relatively uniform, and it ranged
from 23.84 (NOR) to 10.87 (OTC) % to the total average concentration.
This phenomenon reinforced the importance of municipal sewage
water as a source of antibiotics to natural aquatic environments
(Maskaoui and Zhou 2010; Nie et al. 2014). The lowest TAC of
48.65 ng g−1 was found at Site 5. This site was away from the
Wangjiazhai village (Site 6, TAC, 80.57 ng g−1). TACs ranged from
98.46 (Site 4) to 117.42 ng g−1 (Site 3) and 80.57 (Site 6) to
124.57 ng g−1 (Site 9) in Site 2–4 and Site 6–9, respectively, concentra-
tions varying from bLOQ to 39.13 (TCs), bLOQ to 35.67 (SAs) and 7.41 to
84.17 ng g−1 (FQs). This broadly similar in those seven sampling sites
further suggested the potential relationship between antibiotics and
sediment. It was confirmed by the comparable residuals of OTC
(mean, 15.66 ng g−1), TC (mean, 25.71 ng g−1), OFL (mean,
39.73 ng g−1) and SMZ (mean, 1.47 ng g−1) in sediment in Baiyangdian
Lake (Cheng et al. 2014a; Li et al. 2012). Comparing the distribution of
targeted antibiotics in both SPM and dissolved phase (Table 1), TCs
and FQs had stronger sorption potentials than SAs. It was also proved
that association of antibiotics with SPMs did not belong to hydrophobic
interactions, due to the low log Kow values of TCs (TC, −1.33; OTC,
−1.22) and FQs (NOR, −1.7; OFL, −0.39) connected with the high
sorption of antibiotics (Table S1), and the high log Kow values of SAs
(SMZ, 0.14; SDZ,−0.09) connected with the low sorption of antibiotic.
This behavior could be because SAs have fewer ionic functional groups
than TCs and FQs in the structures, as indicated by their chemical struc-
tures in Table S1 (Yi et al. 2013).

Similar seasonal variations to the dissolved phase were observed in
the SPM (Fig. 3b). The total contents of both SAs and FQs at each sam-
pling site were about 1–15 times greater in June than in October for
SPM samples. In contrast, higher concentrations of TCs were observed
in October instead of in June. These observations could be associated
with the diffusive transfer of SAs and FQs from the soluble phase into
the SPMdue to the high concentration of those antibiotics in the soluble
phase during June 2014, and vice versa for TCs in October 2013 (Sarmah
et al. 2006). But it is worth attention that SMZ at Site 2 exhibited an op-
posite behavior compared to the other sites. The primary reason that
causes this phenomenon is that there is the most abundant of SPM at
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Fig. 4.Mass balance of antibiotic distributions among SPM, colloid
Site 2 in October (18.37 mg L−1, data not shown) comparing in June
(9.10mg L−1, data not shown). It was contributed by the lots of imports
of SPM from farmland via overflow and drain flow in the period of win-
ter wheat's planting in October from Fuhe River and the release of SPM
from sediment into water by intensive shipping activity during the har-
vest season of October at Site 2 (Dai et al. 2013). The high concentration
of SMZ inOctobermay be contributed to the stronger adsorption of SMZ
to the SPM than other three antibiotics. This is an interesting finding
that needed to clarify the specific reasons in the further studies.

3.2.3. Occurrence of antibiotics in the soluble and colloidal phases
Concentrations of antibiotics ranged from 10.23 ng g−1 (SDZ) to

27,414 ng g−1 (SMZ) (mean, 1381 ng g−1) in colloidal phase, and
from bLOQ (OTC and SDZ) to 1641 ng L−1 (OFL) (mean,
101.70 ng L−1) in soluble phase (Table 1). The concentrations of SAs
in soluble phases in this study were much higher than those reported
in Huangpu River (SDZ, 3.11–6.93 ng L−1; SMZ, 1.85–38.61 ng L−1)
(Yan et al. 2015a). The concentrations of SDZ and SMZ in colloidal
phases were 0.54–0.64 ng L−1 and 0.32–3.77 ng L−1, respectively, in
Huangpu River (Yan et al. 2015a). However, no reference data on the
targeted antibiotic residual levels in colloidal phases has been reported.
Therefore our results could not be compared with other areas.

The SDZ and NOR were dominant in both phases (Fig. 3c, d). The
other antibiotics accounted for b10% and 15% of the TACs in colloidal
and soluble phases, respectively. Similar to the dissolved samples,
high antibiotic concentrations were detected in the colloidal samples
at Site 1 (TAC, 28,095 ng g−1) and Site 10 (TAC, 14,643 ng g−1), and
low TACs of 3130 ng g−1 and 3173 ng g−1 were detected at Site 5 and
8, respectively. Concentrations in colloids were 10–239 times greater
than in the SPMs, suggesting that colloidswere significant carriers of an-
tibiotics than SPMs (Maskaoui and Zhou 2010). For the soluble phase,
the spatial distribution was also very similar to that of the dissolved
samples, and TACs ranged from 222 to 1963 ng L−1 in Site 4 and Site
10, respectively.

Similar seasonal variations in the dissolved phase were also ob-
served in the colloidal and soluble phases (Fig. 3c, d). For the soluble
phase, high concentrations of SAs and FQs were detected in June, espe-
cially for SAs that were approximately 2–129 times higher in June than
in October (Fig. 3d). In contrast, the concentrations of TCs in October
were almost 85 times those in June. The reasons for seasonal differences
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Table 2
Partition coefficients of antibiotics between SPM and filtrate (Kp

obs), between SPM and permeate (Kp
int), between colloids and permeate (Kcol.).

Antibiotic Kp
obs (L kg−1) Kp

int (L kg−1) Kcol. (L kg−1)

Range Median Mean Range Median Mean Range Median Mean

TC 4877–226 1691 1823 6173–221 1784 2572 93,604–8508 35,262 40,585
OTC 3797–41 803 566 5188–40 1118 1472 547,713–7278 69,447 117,374
SDZ 823–5 38 169 1167–5 56 249 47,666–1162 6860 12,289
SMZ 3384–29 777 938 4192–25 930 1220 97,996–611 7087 18,970
OFL 5587–98 979 1648 13,457–77 1144 3456 282,043–1915 8753 31,473
NOR 3553–70 293 541 3325–96 277 574 86,551–299 14,616 6218
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in the soluble phases were much like the dissolved phases, due to vari-
ation in antibiotic consumption, physical and (bio-)chemical behaviors
of the antibiotics (e.g., photo- and bio-degradation) in June and October
in Baiyangdian Lake (Cheng et al. 2014a).

The total contents of both SAs and FQs at each sampling site were
about 1–120 times greater in June than in October for colloidal phase
samples. In contrast, higher concentrations of TCs were observed in Oc-
tober instead of in June (Fig. 3c). Like in SPM, the results could be ex-
plained as the transfer of antibiotics from the soluble phase to the
colloidal phases because of the high concentration of those antibiotics
in the soluble phase (Sarmah et al. 2006). For the colloidal phase, the ob-
vious seasonal variations of antibiotics comparing in the SPM may be
contributed to the higher content of colloid in June (range, 11.60–
37.11mg L−1) than those in October (9.39–28.93mg L−1), and the spe-
cial surface properties of colloid. The colloidal aggregation and adsorp-
tion of trace pollutants are dependent on the features of the colloid-
colloid and colloid-water interfaces (Benedetti et al. 2003; Foster et al.
2003). For TCs, the other possible reason may be that traditional plant-
ing of winter wheat using excessive manure application and flood irri-
gation in late September or early October, that's lead to inputs colloids
associated with TCs from manure into water via overflow and drain
flow, especially for Site 1 that was located in the farming areas (Chang
et al. 2010; Chen et al. 2011a; Muller et al. 2000).

To assess the efficiency of isolating the colloids using the CFUF sys-
tem, the recovery values of organic carbon (OC) and antibiotics were
calculated as the percentages of the measured total concentrations in
colloidal and soluble phases to the concentration in the dissolved
phase (Nie et al. 2014). The R values of OC were in the range of 74.66–
138.52% (mean, 94.67%). Satisfactory recoveries were also obtained for
TC (67.90–94.02%), OTC (72.15–93.13%), SDZ (77.63–97.43%), SMZ
(79.28–115.06%), OFL (70.16–96.57%) and NOR (50.66–86.42%), with
average recoveries of 82.49%, 83.62%, 90.08%, 92.12%, 88.62% and
76.95%, respectively.

3.3. Mass balance of antibiotics among SPM, colloidal and soluble phases

To further explore the role of natural colloids in themulti-phase dis-
tribution of antibiotics in Baiyangdian Lake, the mass balance of antibi-
otics among SPM, colloidal and soluble phases was calculated. The
antibiotics were mainly in the soluble phase (49.59–94.97%), indicating
high biological availability of these antibiotics (Fig. 4). Between 4.9% and
49.8% of the individual antibiotics were bound to the colloidal phase, as
follows: TC, 12.37–26.75% (mean, 20.65%); OTC, 21.29–49.82% (mean,
34.69%), SDZ, 4.93–22.28% (mean, 13.71%); SMZ, 8.16–34.86% (mean,
17.46%); OFL, 8.42–42.61% (mean, 20.01%); and NOR, 4.71–35.03%
(mean, 14.71%). However, only 0.24–13.31% of TCs, 0.01–1.13% of SAs
and 0.09–2.27% of FQs were bound with SPMs. The results demonstrate
that colloids can play an important role to remove the organic contam-
inants from aquatic environments (Lead and Wilkinson 2006; Liu et al.
2005).

3.4. Phases partitioning and statistical correlation

Since the adsorption to solid matrices is one of the critical steps lim-
iting the fate and transport of antibiotics, it is necessary to calculate the
pseudo-partition coefficients of antibiotics between SPM and the dis-
solved phase (observed partition coefficients, Kp

obs), SPM and the soluble
phase (intrinsic partition coefficients, Kp

int) and colloids and the soluble
phase (Kcol.):

Kobs
p ¼ CSPM

Cdis:
ð2Þ

Kint
p ¼ CSPM

Csol:
ð3Þ

Kcol: ¼
Ccol:

Csol:
ð4Þ

where CSPM is the average concentration in the SPMs (ng g−1), Cdis. is the
average concentration in the dissolved phases (ng L−1), Csol. is the aver-
age concentration in the soluble phases (ng L−1), and Ccol. is the average
concentration in the colloidal phases (ng g−1) (Kim and Carlson 2007;
Li et al. 2012). Since the SPM, soluble phase and colloidal phase are
not at equilibrium, those values cannot be regarded as true partitioning
coefficients. However, calculated pseudo-partition coefficients can be a
valuable indicator of the sorption characteristics of individual com-
pounds. As shown in Table 2, the mean Kp

obs values varied from
169 L kg−1 for SDZ to 1823 L kg−1 for TC. These values are similar to re-
ported values for OFL (1192–10,000 L kg−1) and higher than those for
SMZ (1.68–3.67 L kg−1) (Carstens et al. 2013; Drillia et al. 2005; Petrie
et al. 2014; Vithanage et al. 2014). Traditionally, the partition coefficient
was decided according as the ratio of the contaminant contents in the
SPM and dissolved phase. The Kp

int values were 6.18–109.66% higher
than corresponding Kp

obs values. Hence, it was essential to derive Kp
int

values. In addition, the calculations also showed that the mean Kcol.

values ranged from 6218 to 117,374 L kg−1, which were 1–2 orders of
magnitude larger than the Kp

int values (Table 2). This clearly indicates
that colloids are important carriers of antibiotics than SPM in the aquat-
ic system (Maskaoui and Zhou 2010; Nie et al. 2014).

To further investigate the mechanisms of colloidal adsorption of an-
tibiotics, the physicochemical properties of the aquatic colloidal phase
were determined (Table S6). In Baiyangdian Lake, the concentrations
of colloids ranged from 9.4 to 37.1 mg L−1, the pH ranged from 6.89
to 8.62 and the COC content varied from 65.12 to 323.10 g kg−1. The el-
ement concentrations for Ca,Mg, Na andK in the colloidal particle phase
ranged from 0.82 to 193.34 g kg−1, while the Fe content varied from 38
to 932 mg kg−1. These results are consistent with those of other re-
searchers who have shown that colloidal fractions contain significant
concentrations of elements, especially Ca, Mg, Na, K and organic carbon
(Ran et al. 2000; Sanudo-Wilhelmy et al. 1996), whichmay be ascribed
to the high surface area, organic C content and cation-exchange capacity
of colloids (Ran et al. 2000). Therefore, it is not surprising that the colloi-
dal phase has a strong ability to fix dissolved cations by electrostatic in-
teraction and cation exchange (Pan et al. 2012).

Pearson correlation analysis showed that the values of log Kcol. were
mainly negatively correlated (P b 0.01)with binding of Ca andMg, espe-
cially of OTCwithMg (r=−0.643) andOFLwith both Ca (−0.595) and
Mg (−0.593) (Table S7). This result may be attributed to the competi-
tive adsorption between the antibiotics and cations, especially the
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divalent cations such as Ca2+ andMg2+, in the colloidal phase (Chen et
al. 2011b; Yusheng et al. 2011). Pan et al. (2012) have applied dialysis
equilibrium system to investigate the role of cations in DOM-antibiotics
interactions. It has been demonstrated that Mg2+ decreased DOM (dis-
solved organic matter)-OFL binding and OFL decreased DOM-Mg bind-
ing due to the competitive effect between Mg2+ and OFL. In addition,
the strong complexation ability of antibiotics with divalent cations in
solution could explain why divalent cations (Ca2+ and Mg2+) were
the main participants in the competitive adsorption (Figueroa et al.
2004; Martin 1979). It was confident that this phenomenon was due
to the massive existence of COC and cations, such as Ca2+ and Mg2+,
and the strong binding ability between them (Table S5, 6). Since the
1960s, due to increasing human activities and climate change,
Baiyangdian Lake has suffered from markedly shrinking and drying up
several times. To maintain the existence and development of
Baiyangdian Lake, anthropogenicwater supplement plays a very impor-
tant role, and from 1981 to 2003 this approach had been already carried
out 15 times. (Yang et al. 2010). In this situation, both continuous water
supplement and evaporation loss led to the accumulation of COC, Ca2+

and Mg2+. High COC is also attributed by human activities (agriculture
and domestic wastewater, food and excrement from aquaculture) and
natural processes (microorganism and aquatic-plant activities) (Cui et
al. 2016). It is generally accepted that natural organic matter adsorption
masks the characteristics of the underlying mineral particles in aquatic
environments (Roberts et al. 2004). Similarly it has also been found
that the presence of cations influences the adsorption of TC to mineral
particles due to the competitive adsorption between cations and antibi-
otics (Zhao et al. 2011). For SAs, the log Kcol. showed a weak correlation
with divalent cations, especially of SMZ with Ca2+ (r = −0.463,
P b 0.05). This result may be directly related to the weaker sorption of
SMZ to natural colloids (Table 2).

Unexpectedly, pHwas not found to be significantly (P N 0.05) corre-
lated with log Kcol.. This result may be due to the narrow ranges of pH
(6.89–8.62) in our colloid solutions in comparison with the variation
in soil solutions (4.01–8.84) (Gong et al. 2012; Zhao et al. 2015). In ad-
dition, it's worth mentioning that the correlation between COC and log
Kcol. was not statistically significant (P N 0.05). This result was not sur-
prising because the soluble phase and colloidal phase are not at equilib-
rium and most antibiotics were amphoteric molecules having ionizable
functional groups. Compared with the Kcol. (299–547,712 L kg−1), the
target antibiotics had higher KCOC values (926–3,906,879 L kg−1, data
not shown) that were normalized by the COC, which suggests that the
compounds were less mobile than their corresponding Kcol. values
would indicate. Thus, the normalizing partition coefficients using COC
are not recommended for antibiotics, as they do not reflect the reality
of antibiotics in aquatic environments (Tolls 2001; Wegst-Uhrich et al.
2014).

As a heterogeneous mixture of particles, natural colloids often have
different sizes, shapes, coatings and surface chemistry, as well as chem-
ical composition, making sorption mechanisms complex. This study
only started to explore the sorption mechanisms of antibiotics on col-
loids, and further research is needed to identify the interactions be-
tween antibiotics and colloids in natural environments.

4. Conclusions

This work provides the first seasonal data on the distribution of an-
tibiotics in surface waters from the Baiyangdian Lake. The behaviors of
the antibiotics were investigated by determining their contents in
SPM, colloidal and soluble phases in aquatic environment. Antibiotic
concentrations differed significantly with sampling location and sam-
pling time. Binding with colloids plays a very significant role in the
partitioning of antibiotics among different phases. Results of the Pear-
son correlation analysis between the logKcol. of antibiotics and the phys-
icochemical properties of natural colloids suggest that a competitive
adsorption mechanism exists between the antibiotics and cations. The
normalized Kcol.with COC are not recommended for antibiotics because
they do not reflect the reality of antibiotics in aquatic environments.
Study results further demonstrated that sorption mechanisms were
more complex than simple hydrophobicity bonding, and should also
consider othermechanisms such as electrostatic interactions, cation ex-
change, competition and bridging.
Acknowledgments

The research was financially supported by the Fund for Innovative
Research Group of the National Natural Science Foundation of China
(Grant No. 51421065), the National Basic Research Program of China
(2013CB430405) and the National Natural Science Foundation of
China (21377013). The author is grateful for the constructive comments
of the editor and reviewers.

A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2016.11.012.
References

Baker, D.R., Očenášková, V., Kvicalova, M., Kasprzyk-Hordern, B., 2012. Drugs of abuse in
wastewater and suspended particulate matter— further developments in sewage ep-
idemiology. Environ. Int. 48, 28–38.

Benedetti, M.F., Ranville, J.F., Allard, T., Bednar, A.J., Menguy, N., 2003. The iron status in
colloidal matter from the Rio Negro, Brasil. Colloids and Surfaces A-Physicochemical
and Engineering Aspects. 217, pp. 1–9.

Benner, R., Hedges, J.I., 1993. A test of the accuracy of fresh water DOC measurements by
high-temperature catalytic oxidation and UV-promoted persulfate oxidation. Mar.
Chem. 41, 161–165.

Carstens, K.L., Gross, A.D., Moorman, T.B., Coats, J.R., 2013. Sorption and Photodegradation
processes govern distribution and fate of Sulfamethazine in freshwater-sediment mi-
crocosms. Environ. Sci. Technol. 47, 10877–10883.

Chang, X.S., Meyer, M.T., Liu, X.Y., Zhao, Q., Chen, H., Chen, J.A., Qiu, Z.Q., Yang, L., Cao, J.,
Shu, W.Q., 2010. Determination of antibiotics in sewage from hospitals, nursery and
slaughter house, wastewater treatment plant and source water in Chongqing region
of three gorge reservoir in China. Environ. Pollut. 158, 1444–1450.

Chen, F., Ying, G.-G., Kong, L.-X., Wang, L., Zhao, J.-L., Zhou, L.-J., Zhang, L.-J., 2011a. Distri-
bution and accumulation of endocrine-disrupting chemicals and pharmaceuticals in
wastewater irrigated soils in Hebei, China. Environ. Pollut. 159, 1490–1498.

Chen, G.-C., Shan, X.-Q., Pei, Z.-G., Wang, H., Zheng, L.-R., Zhang, J., Xie, Y.-N., 2011b. Ad-
sorption of diuron and dichlobenil on multiwalled carbon nanotubes as affected by
lead. J. Hazard. Mater. 188, 156–163.

Cheng, D., Liu, X., Wang, L., Gong, W., Liu, G., Fu, W., Cheng, M., 2014a. Seasonal variation
and sediment–water exchange of antibiotics in a shallower large lake in North China.
Sci. Total Environ. 476, 266–275.

Cheng, D., Xie, Y., Yu, Y., Liu, X., Zhao, S., Cui, B., Bai, J., 2014b. Occurrence and partitioning
of antibiotics in the water column and bottom sediments from the intertidal zone in
the Bohai Bay, China. Wetlands 1–13.

Chu, B., Goyne, K.W., Anderson, S.H., Lin, C.-H., Lerch, R.N., 2013. Sulfamethazine sorption
to soil: vegetative management, pH, and dissolved organic matter effects. J. Environ.
Qual. 42, 794–805.

Cui, J., Yuan, D., Guo, X., He, L., He, J., Li, H., Li, J., 2016. Characterization of dissolved organic
matter in Lake Baiyangdian using spectroscopic techniques and multivariate statisti-
cal analysis. Clean: Soil, Air, Water 44, 1–9.

Dai, M.H., Benitez-Nelson, C.R., 2001. Colloidal organic carbon and Th-234 in the Gulf of
Maine. Mar. Chem. 74, 181–196.

Dai, G., Liu, X., Gong,W., Tao, L., Cheng, D., 2013. Evaluating the sediment–water exchange
of hexachlorocyclohexanes (HCHs) in a major lake in North China. Evnviron. Sci. Pro-
cess. Impacts 15, 423–432.

Doll, T.E., Frimmel, F.H., 2003. Fate of pharmaceuticals–photodegradation by simulated
solar UV-light. Chemosphere 52, 1757–1769.

Drillia, P., Stamatelatou, K., Lyberatos, G., 2005. Fate and mobility of pharmaceuticals in
solid matrices. Chemosphere 60, 1034–1044.

Duan, Y.-P., Meng, X.-Z., Wen, Z.-H., Ke, R.-H., Chen, L., 2013. Multi-phase partitioning,
ecological risk and fate of acidic pharmaceuticals in a wastewater receiving river:
the role of colloids. Sci. Total Environ. 447, 267–273.

Fabinyi, M., Liu, N., 2014. The Chinese policy and governance context for global fisheries.
Ocean Coast. Manag. 96, 198–202.

Figueroa, R.A., Leonard, A., Mackay, A.A., 2004.Modeling tetracycline antibiotic sorption to
clays. Environ. Sci. Technol. 38, 476–483.

Foster, A.L., Brown, G.E., Parks, G.A., 2003. X-ray absorption fine structure study of As(V)
and Se(IV) sorption complexes on hydrous Mn oxides. Geochim. Cosmochim. Acta
67, 1937–1953.

Gibs, J., Heckathorn, H.A., Meyer, M.T., Klapinski, F.R., Alebus, M., Lippincott, R.L., 2013. Oc-
currence and partitioning of antibiotic compounds found in the water column and

http://dx.doi.org/10.1016/j.scitotenv.2016.11.012
http://dx.doi.org/10.1016/j.scitotenv.2016.11.012
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0005
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0005
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0005
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0010
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0010
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0010
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0015
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0015
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0015
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0020
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0020
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0020
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0025
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0025
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0025
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0030
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0030
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0030
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0035
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0035
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0035
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0040
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0040
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0040
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0045
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0045
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0045
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0050
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0050
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0050
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0055
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0055
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0060
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0060
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0060
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0065
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0065
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0070
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0070
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0075
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0075
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0075
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0080
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0080
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0085
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0085
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0090
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0090
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0090
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0095
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0095


659D. Cheng et al. / Science of the Total Environment 578 (2017) 649–659
bottom sediments from a stream receiving two wastewater treatment plant effluents
in Northern New Jersey, 2008. Sci. Total Environ. 458, 107–116.

Gong,W.W., Liu, X.H., He, H.,Wang, L., Dai, G.H., 2012. Quantitativelymodeling soil–water
distribution coefficients of three antibiotics using soil physicochemical properties.
Chemosphere 89, 825–831.

Gustafsson, O., Gschwend, P.M., 1997. Aquatic colloids: concepts, definitions, and current
challenges. Limnol. Oceanogr. 42, 519–528.

Hill, D.M., Aplin, A.C., 2001. Role of colloids and fine particles in the transport of metals in
rivers draining carbonate and silicate terrains. Limnol. Oceanogr. 46, 331–344.

Jo, M., Lee, H., Lee, T., Park, K., Oh, E., Kim, P., Lee, D., Horie, M., 2011. Simultaneous deter-
mination of macrolide residues in fish and shrimp by liquid chromatography-tandem
mass spectrometry. Food Sci. Biotechnol. 20, 823–827.

Kim, J.I., 1994. Actinide colloids in natural aquifer systems. MRS Bull. 19, 47–53.
Kim, S., Carlson, K., 2007. Temporal and spatial trends in the occurrence of human and

veterinary antibiotics in aqueous and river sediment matrices. Environ. Sci. Technol.
41, 50–57.

Kümmerer, K., 2003. Significance of antibiotics in the environment. J. Antimicrob.
Chemother. 52, 5–7.

Kümmerer, K., 2009a. Antibiotics in the aquatic environment – a review – part I.
Chemosphere 75, 417–434.

Kümmerer, K., 2009b. Antibiotics in the aquatic environment – a review – part II.
Chemosphere 75, 435–441.

Lead, J.R., Wilkinson, K.J., 2006. Aquatic colloids and nanoparticles: current knowledge
and future trends. Environ. Chem. 3, 159–171.

Li, J., Zhang, H., 2016. Adsorption-desorption of oxytetracycline on marine sediments: ki-
netics and influencing factors. Chemosphere 164, 156–163.

Li,W.H., Shi, Y.L., Gao, L.H., Liu, J.M., Cai, Y.Q., 2012. Occurrence of antibiotics inwater, sed-
iments, aquatic plants, and animals from Baiyangdian Lake in North China.
Chemosphere 89, 1307–1315.

Liu, R., Wilding, A., Hibberd, A., Zhou, J.L., 2005. Partition of endocrine-disrupting
chemicals between colloids and dissolved phase as determined by cross-flow ultrafil-
tration. Environ. Sci. Technol. 39, 2753–2761.

Loftin, K.A., Adams, C.D., Meyer, M.T., Surampalli, R., 2008. Effects of ionic strength, tem-
perature, and pH on degradation of selected antibiotics. J. Environ. Qual. 37, 378–386.

Martin, S.R., 1979. Equilibrium and kinetic studies on the interaction of tetracyclines with
calcium and magnesium. Biophys. Chem. 10, 319–326.

Maskaoui, K., Zhou, J.L., 2010. Colloids as a sink for certain pharmaceuticals in the aquatic
environment. Environ. Sci. Pollut. Res. 17, 898–907.

Maskaoui, K., Hibberd, A., Zhou, J.L., 2007. Assessment of the interaction between aquatic
colloids and pharmaceuticals facilitated by cross-flow ultrafiltration. Environ. Sci.
Technol. 41, 8038–8043.

Matsuia, Y., Ozub, T., 2008. Occurrence of a veterinary antibiotic in streams in a small
catchment area with livestock farms. Desalination 226, 215–221.

Means, J.C., Wijayaratne, R., 1982. Role of natural colloids in the transport of hydrophobic
pollutants. Science 215, 968–970.

Muller, J.F., Duquesne, S., Ng, J., Shaw, G.R., Krrishnamohan, K., Manonmanii, K., Hodge, M.,
Eaglesham, G.K., 2000. Pesticides in sediments from Queensland irrigation channels
and drains. Mar. Pollut. Bull. 41, 294–301.

Nie, M., Yang, Y., Liu, M., Yan, C., Shi, H., Dong, W., Zhou, J.L., 2014. Environmental estro-
gens in a drinking water reservoir area in Shanghai: occurrence, colloidal contribu-
tion and risk assessment. Sci. Total Environ. 487, 785–791.

Pan, M., Chu, L.M., 2016. Adsorption and degradation of five selected antibiotics in agricul-
tural soil. Sci. Total Environ. 545–546, 48–56.

Pan, B., Qiu, M., Wu, M., Zhang, D., Peng, H., Wu, D., Xing, B., 2012. The opposite impacts of
Cu and Mg cations on dissolved organic matter-ofloxacin interaction. Environ. Pollut.
161, 76–82.

Peng, X., Yu, Y., Tang, C., Tan, J., Huang, Q., Wang, Z., 2008. Occurrence of steroid estrogens,
endocrine-disrupting phenols, and acid pharmaceutical residues in urban riverine
water of the Pearl River Delta, South China. Sci. Total Environ. 397, 158–166.

Petrie, B., McAdam, E.J., Lester, J.N., Cartmell, E., 2014. Obtaining process mass balances of
pharmaceuticals and triclosan to determine their fate during wastewater treatment.
Sci. Total Environ. 497–498, 553–560.

Ran, Y., Fu, J.M., Sheng, G.Y., Beckett, R., Hart, B.T., 2000. Fractionation and composition of
colloidal and suspended particulate materials in rivers. Chemosphere 41, 33–43.

Roberts, K.A., Santschi, P.H., Leppard, G.G., West, M.M., 2004. Characterization of organic-
rich colloids from surface and ground waters at the actinide-contaminated Rocky
Flats Environmental Technology Site (RFETS), Colorado, USA. Colloids and Surfaces
A-Physicochemical and Engineering Aspects. 244, pp. 105–111.

Sanudo-Wilhelmy, S.A., RiveraDuarte, I., Flegal, A.R., 1996. Distribution of colloidal trace
metals in the San Francisco Bay estuary. Geochim. Cosmochim. Acta 60, 4933–4944.
Sarmah, A.K., Meyer, M.T., Boxall, A.B.A., 2006. A global perspective on the use, sales, ex-
posure pathways, occurrence, fate and effects of veterinary antibiotics (VAs) in the
environment. Chemosphere 65, 725–759.

Shah, S.Q.A., Cabello, F.C., L'Abée-Lund, T.M., Tomova, A., Godfrey, H.P., Buschmann, A.H.,
Sørum, H., 2014. Antimicrobial resistance and antimicrobial resistance genes in ma-
rine bacteria from salmon aquaculture and non-aquaculture sites. Environ. Microbiol.
16, 1310–1320.

Shi, Y., Pan, Y., Wang, J., Cai, Y., 2012. Distribution of perfluorinated compounds in water,
sediment, biota and floating plants in Baiyangdian Lake, China. J. Environ. Monit. 14,
636–642.

Sigleo, A.C., Macko, S.A., 2002. Carbon and nitrogen isotopes in suspended particles and
colloids, Chesapeake and San Francisco estuaries, USA. Estuar. Coast. Shelf Sci. 54,
701–711.

Song, C., Zhang, C., Fan, L., Qiu, L., Wu, W., Meng, S., Hu, G., Kamira, B., Chen, J., 2016. Oc-
currence of antibiotics and their impacts to primary productivity in fishponds around
Tai Lake, China. Chemosphere 161, 127–135.

Stein, K., Ramil, M., Fink, G., Sander, M., Ternes, T.A., 2008. Analysis and sorption of psy-
choactive drugs onto sediment. Environ. Sci. Technol. 42, 6415–6423.

Tolls, J., 2001. Sorption of veterinary pharmaceuticals in soils: a review. Environ. Sci.
Technol. 35, 3397–3406.

Vithanage, M., Rajapaksha, A.U., Tang, X., Thiele-Bruhn, S., Kim, K.H., Lee, S.-E., Ok, Y.S.,
2014. Sorption and transport of sulfamethazine in agricultural soils amendedwith in-
vasive-plant-derived biochar. J. Environ. Manag. 141, 95–103.

Wegst-Uhrich, S.R., Navarro, D.A.G., Zimmerman, L., Aga, D.S., 2014. Assessing antibiotic
sorption in soil: a literature review and new case studies on sulfonamides and
macrolides. Chem. Cent. J. 8.

Wilding, A., Liu, R., Zhou, J.L., 2005. Dynamic behaviour of river colloidal and dissolved or-
ganic matter through cross-flow ultrafiltration system. J. Colloid Interface Sci. 287,
152–158.

Xu, H., Cooper, W.J., Jung, J., Song, W., 2011. Photosensitized degradation of amoxicillin in
natural organic matter isolate solutions. Water Res. 45, 632–638.

Yan, C., Yang, Y., Zhou, J., Liu, M., Nie, M., Shi, H., Gu, L., 2013. Antibiotics in the surface
water of the Yangtze estuary: occurrence, distribution and risk assessment. Environ.
Pollut. 175, 22–29.

Yan, C., Nie, M., Yang, Y., Zhou, J., Liu, M., Baalousha, M., Lead, J.R., 2015a. Effect of colloids
on the occurrence, distribution and photolysis of emerging organic contaminants in
wastewaters. J. Hazard. Mater. 299, 241–248.

Yan, C., Yang, Y., Zhou, J., Nie, M., Liu, M., Hochella Jr., M.F., 2015b. Selected emerging or-
ganic contaminants in the Yangtze estuary, China: a comprehensive treatment of
their association with aquatic colloids. J. Hazard. Mater. 283, 14–23.

Yang, H., 2013. Livestock development in China: animal production, consumption and ge-
netic resources. J. Anim. Breed. Genet. 130, 249–251.

Yang, Z., Chen, B., Yang, Y., Chen, H., 2010. International conference on ecological infor-
matics and ecosystem conservation (ISEIS 2010) assessing changes of trophic interac-
tions during once anthropogenic water supplement in Baiyangdian Lake. Prog.
Environ. Sci. 2, 1169–1179.

Yang, Y., Fu, J., Peng, H., Hou, L., Liu, M., Zhou, J.L., 2011. Occurrence and phase distribution
of selected pharmaceuticals in the Yangtze estuary and its coastal zone. J. Hazard.
Mater. 190, 588–596.

Yi, L., Jiao, W., Chen, W., 2013. Adsorption characteristics of three types of antibiotics in
the soil profiles. Environ. Chem. (in Chinese) 32, 2357–2363.

Yusheng, W., Zhiguo, P., Xiaoquan, S., Guangcai, C., Jing, Z., Yaning, X., Lirong, Z., 2011. Ef-
fects of metal cations on sorption-desorption of p-nitrophenol onto wheat ash.
J. Environ. Sci. 23, 112–118.

Zhang, Z.L., Zhou, J.L., 2007. Simultaneous determination of various pharmaceutical com-
pounds in water by solid-phase extraction-liquid chromatography-tandem mass
spectrometry. J. Chromatogr. A 1154, 205–213.

Zhang, R., Zhang, G., Zheng, Q., Tang, J., Chen, Y., Xu, W., Zou, Y., Chen, X., 2012. Occurrence
and risks of antibiotics in the Laizhou Bay, China: impacts of river discharge.
Ecotoxicol. Environ. Saf. 80, 208–215.

Zhao, Y., Geng, J., Wang, X., Gu, X., Gao, S., 2011. Tetracycline adsorption on kaolinite: pH,
metal cations and humic acid effects. Ecotoxicology 20, 1141–1147.

Zhao, W., Liu, X., Huang, Q., Cai, P., 2015. Streptococcus suis sorption on agricultural soils:
role of soil physico-chemical properties. Chemosphere 119, 52–58.

Zou, S., Xu, W., Zhang, R., Tang, J., Chen, Y., Zhang, G., 2011. Occurrence and distribution of
antibiotics in coastal water of the Bohai Bay, China: impacts of river discharge and
aquaculture activities. Environ. Pollut. 159, 2913–2920.

http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0095
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0095
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0100
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0100
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0100
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0105
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0105
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0110
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0110
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0115
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0115
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0115
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0120
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0125
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0125
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0125
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0130
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0130
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0135
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0135
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0140
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0140
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0145
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0145
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0150
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0150
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0155
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0155
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0155
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0160
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0160
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0160
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0165
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0165
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0170
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0170
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0175
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0175
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0180
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0180
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0180
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0185
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0185
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0190
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0190
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0195
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0195
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0200
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0200
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0200
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0205
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0205
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0210
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0210
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0210
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0215
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0215
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0215
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0220
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0220
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0220
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0225
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0225
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0230
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0230
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0230
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0230
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0235
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0235
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0240
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0240
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0240
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0245
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0245
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0245
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0250
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0250
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0250
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0255
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0255
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0255
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0260
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0260
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0260
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0265
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0265
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0270
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0270
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0275
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0275
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0280
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0280
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0280
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0285
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0285
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0285
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0290
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0290
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0295
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0295
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0295
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0300
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0300
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0300
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0305
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0305
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0305
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0310
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0310
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0315
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0315
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0315
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0315
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0320
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0320
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0320
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0325
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0325
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0325
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0330
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0330
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0330
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0335
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0335
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0335
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0340
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0340
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0345
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0345
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0350
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0350
http://refhub.elsevier.com/S0048-9697(16)32443-3/rf0350

	Influence of the natural colloids on the multi-�phase distributions of antibiotics in the surface water from the largest la...
	1. Introduction
	2. Experimental section
	2.1. Reagents and chemicals
	2.2. Sampling sites
	2.3. Natural colloid isolation
	2.4. Extraction and analysis
	2.5. Quality assurance and statistical analysis

	3. Results and discussion
	3.1. Quality assurance
	3.2. Occurrence of antibiotics in Baiyangdian Lake
	3.2.1. Occurrence of antibiotics in the dissolved phase
	3.2.2. Occurrence of antibiotics in SPM
	3.2.3. Occurrence of antibiotics in the soluble and colloidal phases

	3.3. Mass balance of antibiotics among SPM, colloidal and soluble phases
	3.4. Phases partitioning and statistical correlation

	4. Conclusions
	Acknowledgments
	A. Supplementary data
	References


