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Abstract

The sorption of both classic and emerging organic contaminants onto aquatic solids is a critical process that controls their fate in
natural waters. Sorption is affected by numerous factors, including coexisting heavy metals. The mechanisms of the influence of
heavy metals, especially those occurring in acid radical anions, are still unclear. Here, the effects of Pb, Cd, Cr, and As on the
sorption of lindane and norfloxacin (NOR) onto natural biofilms, suspended particles, and sediments from one river were
investigated following batch equilibration methods. In addition, changes in representative components that have important roles
in sorption from these solids in the presence and absence of metals were characterized by spectrum analyses. The results indicated
that sorption of lindane and NOR on the three solids in the absence of heavy metals was highly linear and nonlinear, respectively.
Pb and Cd promoted and Cr and As suppressed hydrophobic lindane sorption on the three solids. This was because Pb and Cd
enhanced but Cr and As weakened the hydrophobicity of these solids. Pb, Cd, Cr, and As decreased NOR sorption on sediments
and suspended particles at pH 5.7~6.3. This was due to electrostatic competition between cationic Pb/Cd and NORH,", and the
combination of Cr/As acid radicals with NORH,*, which suppressed its ion-exchange adsorption. Pb, Cd, Cr, and As generally
increased the sorption of NOR onto the biofilms at pH 5.7~6.3. Pb and Cd strengthened the flocculation of dissolved organic
matter combined with NORH," onto the biofilms. Cr and As enhanced the hydrophilicity of biofilms, and then increased their
sorption of NOR with active hydrophilic groups. The mechanisms of how different heavy metals affect NOR sorption by biofilms
were more complicated than the mechanisms affecting lindane sorption, as well as by sediments and particles.
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Introduction

Organochlorine pesticides (OCPs), a large group of persistent
organic pollutants (POPs), have received great concern as they
are produced and used in large quantities, they have deleteri-
ous effects on non-target organisms, they are ubiquitous, and
they bioaccumulate and persist in the environment (Ali et al.
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2014). Gamma-hexachlorocyclohexane (v-HCH) is a classic
OCP, also known as lindane. Most countries have prohibited
the use of the persistent compounds, but some still use lindane
for economic reasons. Historical use, coupled with its extreme
persistence, has caused a global legacy environmental issue
(Abhilash et al. 2008). Antibiotics, which are regarded as
emerging contaminants of concern, have been identified in
many natural environmental compartments, such as river wa-
ter, sediments, soils, and groundwater (Dong et al. 2016).
Residual antibiotics in the environment could have adverse
effects on nontarget organisms and cause increased bacterial
resistance (Zhang et al. 2015). Norfloxacin (NOR) with a
fluoroquinolone backbone is a common and useful antibiotic.
Similar to other antibiotics, the presence of NOR in effluent
and sludge from domestic wastewater treatment plants, hospi-
tals, and livestock farms results in their release to recipient
environments, such as surface waters (Pei et al. 2011).

The aquatic environment is a complex system in which
inorganic heavy metals and organic contaminants commonly
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coexist (Pei et al. 2014; Guo et al. 2015). The sorption of both
classic and emerging contaminants onto aquatic solids, such
as sediments, suspended particles, sludge, and biosolids is of
great importance from an environmental viewpoint (Wei et al.
2015, 2016b, c; You et al. 2017). The sorption of organic
pollutants is affected by many factors, including coexisting
heavy metals (Guo et al. 2015). It was previously stated that
metal ions could influence the sorption of POPs and antibi-
otics onto various sorbents (Pei et al. 2014; Luo et al. 2008,
2010; Dong et al. 2011; Guo et al. 2015). These studies indi-
cated that coexisting metal ions can facilitate or suppress the
sorption of these organic contaminants, and thereby affect
their fate and risk levels. Metal ions cannot usually directly
interact with most nonpolar hydrophobic organic compounds
(HOCs) and affect their sorption. Metal ions can affect the
hydrophobicity and hydrophilicity of solid sorbents by chang-
ing their structure and surface charges, and then enhance or
weaken the hydrophobic partition of HOCs. For example, it
was found that the presence of metal cations could increase the
capacity and nonlinearity of HOCs sorption to soils through
decreasing the negatively charged density of soil surfaces and
causing rubbery organic carbons, such as humic acids and
biopolymers, to become more condensed and rigid (Luo
et al. 2008, 2010). The mechanisms of mutual effects between
metal ions and antibiotics with various reactive functional
groups are more complex. In general, metal cations could
increase the sorption of antibiotics through electrostatic attrac-
tion, salting-out effects, and cation bridging. However, metal
cations could decrease their sorption through competition or
outer-sphere complexation (Wu et al. 2014). For example,
NOR is a zwitterionic molecule and it was found that the
presence of Cu(Il) suppressed the sorption of NORH," onto
soil minerals at pH 4.5 due to competition. In contrast, Cu
cations increased the sorption of NOR at pH 7.0 and 9.0 be-
cause Cu(I)-NOR complexes were more positively charged
than NORH™ and NOR™ (Pei et al. 2011).

However, to the best of our knowledge, the mechanisms
causing the effects of different heavy metal ions on antibiotics,
as well as OCPs, are complicated. Controversial results have
been found in literature, and the relevant effect mechanisms
have not been clearly addressed. Providing more information
in the co-sorption of metal ions and these organic compounds
onto various solids will facilitate further discussion about ef-
fect mechanisms. It should also be noted that previous studies
generally focused on effects by cation metals under specific
water chemistry conditions. There are many heavy metals or
metalloids that do not exist as cations in the environment. For
example, the majority of Cr(VI) and As(V) exist in water and
soil environments as acid radical anions (Babel and
Kurniawan 2004; Mohan and Pittman 2007). Our previous
study found they differed from metal cations, as Cr(VI) and
As(V) could significantly decrease the sorption of HOCs to
natural solids (Guo et al. 2015). The mechanisms by which

heavy metals affect the sorption of organic compounds on
solid sorbents could reasonably be attributed to the combina-
tion of water chemistry conditions and organic compound,
heavy metal, and solid sorbent properties. However, to the
best of our knowledge, the underlying mechanisms have not
been clearly addressed.

The specific aims of this study were to investigate how
heavy metal cations and acid radical anions affect the sorption
of lindane and NOR on three river solids, including biofilms,
suspended particles, and sediments. Different organic com-
pounds, heavy metals, and solid sorbents with different prop-
erties were selected. Lindane and NOR were selected as the
model POPs and antibiotics, respectively. Four hazardous pri-
ority metal and metalloid pollutants, Pb, Cd, Cr, and As, listed
by the US Environmental Protection Agency were selected to
study (Dai and Hu 2015; Dai et al. 2016). Pb and Cd com-
monly occur as divalent cations, but Cr and As commonly
occur as acid radical anions in the aquatic environment
(Babel and Kurniawan 2004; Mohan and Pittman 2007).
Organic components from natural solids also play an impor-
tant role in the sorption of trace contaminants. Among the
organic components in natural solids, dissolved organic mat-
ters (DOMs) have been regarded as one of the most active
organic components that play a role in the sorption of inor-
ganic heavy metals and organic pollutants onto solids
(Polubesova et al. 2007). It could, therefore, be speculated that
DOM also play an important role in the co-sorption of organic
and inorganic pollutants. In addition, the compositions of
DOM samples can be rapidly and sensitively characterized
by spectrum analysis, such as ultraviolet-visible (UV-vis)
spectra and three-dimensional excitation-emission matrix
(3D-EEM) fluorescence spectroscopy (Wei et al. 2016a;
Dong etal. 2017). In this study, these methods were employed
to analyze changes in DOM in sorption systems with the pres-
ence and absence of heavy metals to elucidate related
mechanisms.

Materials and methods
Materials

Natural biofilms, suspended particles, and surface sediments
were collected from Liao River in Jilin Province, northeastern
China. Surface sediments (0—5 cm) were collected, biofilms
were scraped from rocks in shallow waters, and suspended
particles were collected from river water that passed through
a 0.45-um filter membrane. Biofilms and sediments were
passed through a 0.18-mm sieve to remove large plant resi-
dues and stones. A portion of the three solid samples were
freeze-dried and ground so that they could pass through a
0.15-mm sieve to determine their pH values, cation exchange
capacities (CEC), and dissolved organic carbon (DOC)
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content that constituted their DOM content. The methods of
measuring these physicochemical parameters are listed in
Table S1 in Supplementary material. The remainder (5 mg
freeze-dried weight mL™") of the three solid samples were
suspended for the sorption experiment.

Lindane (99% purity) and NOR (98% purity) were pur-
chased from Dr. Ehrenstorfer GmbH (Augsburg, Germany)
and Bomei Biotechnology Co. Ltd. (HeFei, China), respec-
tively. Some of the physicochemical properties of lindane and
NOR are presented in Table S2. Reagent-grade Pb(NOs),,
Cd(NO3),, K,CrOy4, and Na,HAsO, were used to prepare
Pb, Cd, Cr, and As solutions, respectively. The organic re-
agents used in the chromatographic analysis were of HPLC
grade.

Sorption experiments

All sorption experiments were conducted in duplicate follow-
ing a batch equilibration technique at 25+ 1 °C. Sorption of
lindane (0.2, 0.5, 1.0, 1.5, and 2.0 umol L") and NOR (40,
100, 150, 200, and 400 pmol Lfl) were conducted by mixing
20 mg dry weight of the solid sample in 40-mL glass centri-
fuge tubes with 0.003 mol L™ NaNj to suppress bacterial
activity and 0.1 mol L™' KNO; to maintain ionic strength.
These tubes were rotated continuously for 24 h at
100 r min~" in the dark. Our previous experiments indicated
that the apparent equilibrium was reached within 24 h. The pH
values of the initial and equilibrium sorption solutions were
measured. The equilibrium sorption solutions were centri-
fuged at 1788%g for 5 min. Aliquots of the supernatant
(5 mL) were further filtered through a 0.45-um glass fiber
filter membrane, and the lindane content was measured by a
gas chromatograph (GC) and NOR by high-performance lig-
uid chromatography (HPLC). Two controls containing sor-
bents without solutes and solutes without sorbents were simul-
taneously studied to assess solute dissolution from sorbents
and the loss of solutes, respectively.

Effects of heavy metals on the sorption

Two types of sorption experiments were conducted in the
presence of Pb, Cd, Cr, and As: (I) lindane and NOR with
different concentrations to determine how they are affected
by heavy metals with a constant concentration, and (II) lin-
dane and NOR at a constant concentration to determine how
they are affected by heavy metals with different concentra-
tions. For the type I experiments, batch sorption experiments
were conducted, adding 10 pumol L ! Pb(NO3),, Cd(NO3),,
K,CrO4, and Na,HAsO, to the initial sorption solution. For
the type Il experiments, lindane and NOR concentrations were
initially 1 and 150 pmol L, respectively, and 5, 10, 25, and
50 pumol L' of heavy metal salts were added to the initial
sorption solution.

@ Springer

Spectral analysis

The UV-vis absorption spectra and 3D-EEM fluorescence
spectroscopy of DOM from biofilms were recorded.
Biofilms (20 mg dry weight) were added to 40-mL glass cen-
trifuge tubes with 10 pmol L' Pb(NO3),, CAd(NO3),,
K,CrOy4, Na,HAsOy,, and Milli-Q water, and were then rotated
continuously for 24 h at 100 r min~'. Following this, aliquots
of supernatant were filtered through 0.45-pum glass fiber mem-
branes were characterized by spectrum analysis. The UV-vis
absorption spectra (UV-1800, Shimadzu, Japan) were record-
ed at 1-nm intervals over a range of 200-600 nm, with a scan
speed of 120 nm min~'. The 3D-EEM fluorescence spectra
were determined using a fluorescence spectrophotometer
(F-2700, Hitachi, Japan) equipped with a 150-W xenon arc
lamp. The spectra were recorded at 5-nm intervals over an
excitation range of 220-500 nm, with an emission range of
220-550- and 2-nm intervals. The excitation and emission
slits were both set to 5 nm of the band-pass. The voltage of
the photomultiplier tube (PMT) was 700 V, and the scan speed
was set to 1200 nm min "' with an auto response time. Milli-Q
water was used as the blank for spectral analysis. The entire
procedure was conducted in triplicate, and the mean values
were utilized for discussion.

Determination of lindane and norfloxacin

The lindane in the equilibrium solution was analyzed using a
gas chromatograph equipped with an electron capture detector
(GC-ECD, GC-2014C, Shimadzu, Japan) after extraction
using C18 solid-phase extraction columns. The GC was
equipped with a capillary column (Rtx-1, 30 m x 0.25 mm x

0.25 pm). During analysis, the column was initially main-
tained at a temperature of 100 °C, which was then increased
at a rate of 20 °C min~ to 210 °C, and increased further at a
rate of 3 °C min~! to 230 °C, which was held for 5 min. The
temperature of the injector and detector were maintained at
250 and 300 °C, respectively. Nitrogen was used as the carrier
gas at a flow rate of 1.6 mL min'. A 1 uL sample was
injected in the splitless mode. The NOR in the equilibrium
solution was analyzed using a HPLC (LC-20AT, Shimadzu,
Japan) equipped with a C18 column (5 um, 4.6 mm X

150 mm). The mobile phase consisted of a mixed solution of
0.025 mol L} phosphoric acid-acetonitrile (80/20, V/V), for
which the pH was adjusted to 3.0 with triethylamine, and the
flow rate was 1.0 mL min '. The UV detection wavelength
was set at 278 nm, and the concentrations of lindane and NOR
were determined following the working curve method. The
control tests containing the three solids without lindane or
NOR, and containing lindane or NOR without solids, indicat-
ed that the loss and increase of lindane and NOR by other
reactions or dissolution from solids were negligible.
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Data analysis

The equilibrium sorption quantities g, (umol g ') of lindane
and NOR on solids were calculated by Eq. (1):
(Co—C.)V

qde = T w (1)
where W(g) and V(L) are the mass of the sorbent and volume
of the aqueous solution, respectively, and Co (umol L") and
C. (umol L") are the initial and equilibrium concentrations in
the sorption solution, respectively.

The single-point distribution coefficient K4 (L g ') was
used to directly compare the sorption capacities of sorbents
at a certain equilibrium concentration (Xiao et al. 2007). It was
calculated by Eq. (2):

q.
Ky==% 2
o=t @
Linear, Langmuir, and Freundlich models were used to fit
the equilibrium sorption data. These models are expressed as
follows:

Linear model : q. = K,Ce (3)
K;C,

Langmuir model : q. = 161171(2@ (4)

Freundlich model : g. =KrpC) (5)

where K, (L g ), KL (Lg™"), and Ky (umol' ™ L" g ") are the
linear, Langmuir, and Freundlich model sorption coefficients,
respectively. g, (umol g ') is the maximum sorption quantity
in the Langmuir model. # is the Freundlich model’s site energy
heterogeneity factor and is an indicator of isotherm
nonlinearity.

The adjusted coefficient of determination (Rzad,-) was used
to compare the performance of the three models and was cal-
culated as follows:

2 4 (1_R2)(N_1)
R”dj =1 N-m—1

(6)

where N and M are the numbers of experimental data points
and parameters in the model, respectively (Pan et al. 2012).

Results and discussion

Physicochemical properties of the three solid
materials

Four physicochemical properties of the natural biofilms,
suspended particles, and surface sediments are listed in
Table S1. The biofilms had the lowest pH value, indicating
that they contained more acidic functional groups, such as

carboxyl or sulfur functional groups (Chen et al. 2013). The
CEC of the three solid materials decreased in the following
order: sediments > particles > biofilms. Sediments could have
had the highest CEC as they had a higher proportion of clay
components (Pils and Laird 2007). Both the contents of TOC
and DOC in the three solids decreased in the following order:
biofilms > particles > sediments. The proportion of DOC in
the TOC of sediments, particles, and biofilms were 7, 8, and
9%, respectively. The biofilms had the highest TOC and DOC
contents as they contained a higher proportion of fresh organic
matter, including algae, microbes, and extracellular polymeric
substances (Flemming et al. 2016; Xu et al. 2016; Hou et al.
2016). Based on the four properties of the three solids, the
compositions of the biofilms and sediments were vastly dif-
ferent from the suspended particles. This pattern was consis-
tent with the results of our previous studies, in which more
physicochemical and biological properties of different batches
of the three solid samples were determined (Guo et al. 2012;
Dong et al. 2011).

Sorption isotherms of lindane and NOR on the three
solids

The parameters of the lindane and NOR sorption isotherms for
the biofilms, suspended particles, and sediments fitted by the
linear, Langmuir, and Freundlich models are presented in
Tables S3 and S4. The lindane sorption isotherms for the three
solids fitted well with the Freundlich model (Radj2 >0.94), and
the NOR sorption isotherms for the three solids fitted well
with the Langmuir model (Radj2 >0.81), which was deter-
mined by comparing the Radj2 values. Figure 1 shows the
sorption isotherms of lindane fitted by the Freundlich model
and NOR fitted by the Langmuir model on the three solid
materials in the absence of heavy metals. The sorption of
lindane on the three solids appeared to be highly linear. The
Freundlich linearity index » values for biofilms, particles, and
sediments were 0.87, 0.80, and 0.95, respectively. The quan-
tities of lindane sorbed on suspended particles and biofilms
were significantly higher than those sorbed on sediments
(p <0.05). The sorption of NOR on the three solids appeared
to be highly nonlinear. The quantities of NOR sorbed on
suspended particles and sediments were significantly higher
than those sorbed on biofilms (p < 0.05).

The distribution coefficient Ky, calculated by Eq. (2) and
based on five sorption data, was used to quantitatively com-
pare the sorption of lindane and NOR on the three solids. The
K, values are listed in Table S5. The K4 values for lindane
sorption on the three solids decreased in the following order:
suspended particles (0.82 L g™') > biofilms (0.70 L g”') >
sediments (0.49 L gfl). The K4 values for lindane sorption
on the three solids were slightly positively correlated with
the DOC (r=0.780) of the three solids. The Ky values for
NOR sorption on the three solid materials decreased in the
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Fig. 1 Sorption isotherms of m Bioflms e Particles 4 Sediments
lindane fitted by Langmuir model 0.6 = 180 b
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following order: suspended particles (6.39 L g ') > sediments
(5.03 L g ") > biofilms (2.04 L g ). The K4 values for NOR
sorption on the three solid materials were slightly positively
correlated with the CEC (#r=0.793) of the three solid mate-
rials. This indicated that the DOC and CEC content of the
solids had significant effects on the sorption of lindane and
NOR, respectively.

The sorption of organic pollutants mainly occurs by (1)
absorption, in which hydrophobic interactions occur between
the aliphatic and aromatic groups of an organic compound and
organic components, such as the fat fraction of natural solids
and the extracellular polymeric substances of biofilms, and (2)
adsorption, involving electrostatic interactions between the
positively charged groups with the negatively charged sur-
faces of natural solids (Luo et al. 2010). For lindane, its

= None additive = Pb added

e Cd added

hydrophobicity should be the most important mechanism
causing its sorption on the three solids, whereas for the disso-
ciable NOR, ion exchange should be one of the main mecha-
nisms causing its sorption on the three solids (Wu et al. 2014).

Effects of four heavy metals with a single
concentration on the sorption

The sorption data of lindane and NOR in the presence of Pb,
Cd, Cr, and As were also well fitted by the Freundlich and
Langmuir models, respectively (listed in Tables S3 and S4).
As shown in Fig. 2a—c, Pb and Cd significantly promoted the
sorption of lindane on the three solids (p < 0.05). In contrast,
the presence of Cr and As significantly inhibited the sorption
of higher concentrations of lindane (>1 uM) on the three

4 Cradded v As added
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Fig. 2 Sorption isotherms of lindane fitted by Freundich model and norfloxacin (NOR) fitted by Langmuir model on the three solids in the absence and

presence of 10 uM Pb, Cd, Cr, and As
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solids (p <0.05). The K4 values for lindane sorption on the
biofilms increased by 13.6 and 14.5%, sorption on the
suspended particles increased by 7.8 and 9.3%, and sorption
on the sediments increased by 29.3 and 45.6% in the presence
of Pb and Cd, respectively. In contrast, the K4 values for lin-
dane sorption on biofilms decreased by 16.3 and 18.9%, sorp-
tion on the suspended particles decreased by 12.3 and 30.3%,
and sorption on the sediments decreased by 3.2 and 5.1% in
the presence of Cr and As, respectively. As shown in Fig. 2d—
f, Pb, Cd, Cr, and As significantly suppressed the sorption of
NOR on suspended particles and sediments (p < 0.05), where-
as Pb, Cd, Cr, and As significantly promoted the sorption of
higher concentrations of NOR (> 150 uM) on the biofilms
(p <0.05). The K4 values for NOR sorption on the suspended
particles decreased by 38.9, 29.3, 26.7, and 32.2%, and sorp-
tion on the sediments decreased by 39.5, 36.4, 27.8, and
29.1% in the presence of Pb, Cd, Cr, and As, respectively.
However, the Ky values for NOR sorption at concentrations
greater than 150 uM on the biofilms increased by 50.1, 67.8,
83.3, and 98.9% in the presence of Pb, Cd, Cr, and As,
respectively.

Effects of four heavy metals with different
concentrations on the sorption

The effects of four different concentrations of Pb, Cd, Cr, and
As on the sorption quantities of lindane and NOR on the three
solids are shown in Fig. 3. The molar concentration of the four
heavy metals to lindane and NOR ratios ranged from 5 to 50
and from 0.03 to 0.3, respectively. All the quantities of lindane

sorbed onto the three solids increased with increasing ratios of
Pb and Cd to lindane. The quantities sorbed increased by 3.3—
21.5, 21.3-32.6, and 4.3-25.1% on the biofilms, suspended
particles, and sediments, respectively. When the ratio of Pb or
Cd to lindane was reached the maximum, the sorption quan-
tities of lindane on the three solids correspondingly reached
the maximums. In contrast, the sorption quantities of lindane
on the three solids decreased with increasing ratios of Cr and
As to lindane. With the increasing Cr and As to lindane ratios,
the sorption quantities decreased by 2.3-6.7, 3.2—-12.3, and
1.4-14.5% on the biofilms, suspended particles, and sedi-
ments, respectively. When the ratio of Cr or As reached the
maximum, the quantities of lindane sorbed on the three solids
correspondingly reached the minimum.

All quantities of NOR sorbed on the three solids decreased
with increasing ratios of Pb and Cd to NOR. The sorption
quantities decreased by 3.3-16.7, 4.2-12.3, and 10.1-20.3%
on the biofilms, suspended particles, and sediments, respec-
tively. The sorption quantities of NOR on the three solids also
decreased with increasing ratios of Cr and As to NOR. With
increasing Cr and As to NOR ratios, the sorption quantities
decreased by 6.7-16.1, 4.2-15.3, and 10.2-17.8% on the
biofilms, suspended particles, and sediments, respectively.

The effects of four different concentrations of the heavy
metals on the sorption of NOR and lindane at fixed concen-
trations were also compared through the ratio of K4 to Ky,
where Ky was the distribution coefficient in the presence of
different heavy metals at different concentrations and Kyo was
the distribution coefficient in the absence of heavy metals.
Both K4 and K4 were calculated by Eq. (2). The K4/Ky4

Fig. 3 The effects of four 0.30

. . Biofilms-Lindane
different concentrations of Pb,

Particlestindane Sediments-Lindane

50 5 10 25 5 10 25

Cd, Cr, and As on the sorption 0.25
quantities of lindane and
norfloxacin (NOR) on the three 0.20
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0.15
0.10
'g’ 0.05
g 5 10 25
3 100/ Biofilms-NOR
S

10 25
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values as functions of the four heavy metals’ concentrations
are shown in Fig. 4. Most Ky/Ky, values for lindane sorption
onto the three solids in the presence of Pb and Cd exceeded 1,
whereas most K4/K 4 values were below 1 in the presence of
Cr and As, and decreased with increasing Cr and As concen-
trations. This also indicated that Pb and Cd promoted lindane
sorption onto the three solids, but Cr and As inhibited sorp-
tion. From the degrees of K4/K4o value discretization for the
sorption of lindane onto the three solids, the degrees of the
effects of the four heavy metals on lindane sorption onto
biofilms and suspended particles were higher than that onto
sediments. All the K4/K49 values for NOR sorption onto
suspended particles and sediments in the presence of four
heavy metals with four concentrations were below 1. This
indicated that Pb, Cd, Cr, and As all inhibited NOR sorption
onto suspended particles and sediments. However, at different
concentrations, most heavy metals promoted NOR sorption
onto biofilms, with the exclusion of Cr at higher
concentrations.

Analysis of mechanisms of the sorption affected
by heavy metals

In this study, water chemistry conditions were almost con-
stant, so the speciation of heavy metals, properties of organic
compounds, and changes in key solid components were ana-
lyzed to elucidate the effect mechanisms of heavy metals on

the sorption. First, we aimed to explain the effects on sorption
by the speciation of lindane, NOR, and heavy metals. Due to
the complexity of natural solids, the discussion was based on
the calculated speciation under sorption solution chemistry
conditions. The calculated speciations of heavy metals by
Visual MINTEQ (version 3.0) are listed in Tables S6 and
S7. The Pb and Cd present in the sorption solution were pri-
marily Pb>* (proportion of > 62%) and Cd** (> 89%), respec-
tively, and Cr and As were primarily HCrO4 (> 60%) and
H,AsO4 (> 81%), respectively. Therefore, cationic Pb(II),
Cd(II), and anionic Cr(VI) and As(V) acid radicals were the
main species of the four heavy metals present in the sorption
solution. At slightly acidic pH values (5.7~6.3), cationic
NORH," and zwitterionic NORH* were the main NOR spe-
cies (Zhang and Dong 2008). The distributions of cationic
(NORH,"), zwitterionic (NORH™), and anionic (NOR")
norfloxacin in an aqueous solution as a function of pH is
shown in Fig. S1.

Second, we aimed to explain the effects caused by changes
in the solid sorbents in the sorption systems. DOMs from
natural solid materials are one of the most active organic com-
ponents and have significant effects on both the sorption of
inorganic heavy metals and organic pollutants onto the solids,
although they exist as a small proportion of the total organic
components. Therefore, it could be speculated that DOM had
an important effect on the co-sorption of the two pollutants.
EEM spectra could provide qualitative and quantitative
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Fig. 4 The radio of sorption distribution coefficients for the sorption of
lindane and norfloxacin (NOR) and on the three solids in the presence of
four concentrations of Pb, Cd, Cr, and As. Ky is the sorption distribution
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coefficient for lindane or NOR in the absence of metals; Ky is the sorption
distribution coefficient for lindane or NOR in the presence of metals with
different concentrations
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information about the chemical compositions of DOM in so-
lution. To evaluate the effects of interactions between heavy
metals and a DOM solution during the sorption process, the
highest DOC content of the biofilms was measured after the
addition of 10 uM of Pb, Cd, Cr, and As. The EEM spectra of
DOM from biofilms in the presence and absence of heavy
metals are presented in Fig. 5. As shown in Fig. 5a, four
regions indicating fluorescence peaks A, B, C, and D had been
detected in the DOM solutions of the biofilms without heavy
metals. The corresponding fluorescent parameters, including
peak locations and intensities, are summarized in Table S8.
Among the four peaks, peak B was located at the excitation/
emission wavelength (EX/EM =250-340/380—-430 nm),
which corresponds with the presence of humic acid-like sub-
stances. Peak D (EX/EM = 200-250/350—405 nm) is indica-
tive of fulvic acid-like substances. The fluorescence peaks of
humic and fulvic acid-like substances are due to the structure
of carboxyl and carbonyl groups in the DOM (Chen et al.
2003). Peak A (EX/EM =250-285/280-330 nm) and peak
C (EX/EM =200-235/280-330 nm) are both indicative of
protein-like substances, which were associated with aromatic
amino acid structures in DOM (He et al. 2011). From Fig. Sb—
e, the intensities of all fluorescence peaks changed in the pres-
ence of heavy metals, suggesting interactions between DOM
and heavy metals. Compared to peaks A and C, the intensities
of peaks B and D were noticeably reduced by 36.4-69.8 and
55.6-81.9%, respectively, suggesting that humic and fulvic
acid-like substances in DOM could interact with metals
(Zhang et al. 2010).
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Em/nm

g™ »
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The corresponding UV-vis scanning spectra for DOM from
biofilms are also presented in Fig. 5f. The interval ranging
from 250 to 280 nm represents aromatic organics owing to
m—n* electronic transitions (Dilling and Kaiser 2002). £203,
E250, E253, and E365 represent absorbances at 203, 250,
253, and 365 nm, respectively. The related absorbance ratios
were E250/E365 and E253/E203 (Uyguner and Bekbolet
2005). Quotient E250/E365 has been found to negatively cor-
relate with the molecular size and aromaticity of DOM, and
when the E250/E365 ratio increases, the molecular size of
DOM solutes decreases (Peuravuori and Pihlaja 2004). The
E253/E203 ratio can indicate the type of substituents and de-
gree of substitution. When the £253/E203 ratio increases, it
indicates that aromatic ring substituents in DOM contain more
carbonyl, carboxyl, and hydroxyl groups; otherwise, DOM
primarily contains irreplaceable aromatic rings (Korshin
et al. 1997). In this study, the £250/E365 values (listed in
Table S9) of DOM increased by 12.3 and 30.3% in the pres-
ence of Pb and Cd, respectively, and decreased by 70.1 and
6.3% in the presence of Cr and As, respectively, indicating
that the molecular size of DOM decreased in the presence of
Pb and Cd, while it increased in the presence of Cr and As.
This could be due to the flocculation of DOM macromole-
cules on solid surfaces through cation bridges between the
hydrophilic anionic DOM functional groups and cationic Pb
and Cd (Luo et al. 2008). In contrast, due to anionic electro-
static repulsion, the structure of organic components in the
biofilms became looser, and the organic matter in the biofilms
further dissolved in the presence of anionic Cr(VI) and As(V)
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Fig. 5 EEM fluorescence spectra of the none additive (a), added Pb (b), added Cd (c), added Cr (d), and added As (e) in the dissolved organic carbon
(DOC) solutions from biofilms, as well as the corresponding UV-vis spectra (f)
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acid radicals. The £253/E203 values of DOM all decreased in
the presence of all four heavy metals, suggesting that these
heavy metals could interact with the carbonyl, carboxyl, and
hydroxyl groups in DOM.

A schematic diagram of the sorption mechanisms of lin-
dane and NOR onto the biofilms, particles, and sediments as
affected by Pb, Cd, Cr, and As is shown in Fig. 6. When Pb
and Cd existed in the divalent cation form, the loose organic
compounds could first flocculate on the solid surfaces through
cationic bridges (Luo et al. 2008). This caused the structure of
organic components on the solid surface to become more con-
densed, and some hydrophilic groups could simultaneously be
wrapped by the flocculates. It has been found that the sorption
capacity of fresh organic matters flocculated on solid surfaces
through ion bridging for hydrophobic organic contaminants
was stronger than that of inherent insoluble organic matters
onto solid surfaces (Gao et al. 2006). Second, metal cations in
solution commonly exist as hydrated ions with thick hydration
shells. When these hydrated ions contact with solids, the
blocking effects caused by the hydration shells could also
enhance the solids’ hydrophobicity (Volkov et al. 1997).
Cd(IT) had much thicker hydration shells than Pb(Il), which
could be one of the reasons causing Cd to increase the sorption
of hydrophobic lindane to a greater extent than Pb. In addition,
compared with sediments and suspended particles, the sorp-
tion of lindane onto biofilms that had the highest DOC content
of the three solids increased more significantly with the pres-
ence of Pb and Cd (p < 0.05). Cr and As existed mainly as acid
radical anions and had opposing effects on the sorption of
lindane onto the three solids, compared with Pb and Cd.
Anionic Cr(VI) and As(V) acid radicals caused the solid sur-
face to become more loose through electrostatic repulsion.
This decreased the hydrophobicity of the solids, and subse-
quently suppressed the sorption of hydrophobic lindane.

For the sediments and suspended particles with higher
CEC, the sorption of NOR was noticeably decreased by the

@ Springer

presence of Pb and Cd. One of the primary reasons for this
could be that cationic Pb(IT) and Cd(II) directly competed with
NORH," for the cation sorption sites. Conversely, metal cat-
ions could also increase NOR sorption through ion bridging
between solid surfaces and NORH* (Gu et al. 2015).
Therefore, the sorption of NOR onto biofilms in the presence
of Pb and Cd appeared to decrease with lower NOR concen-
trations (< 150 uM) and increase with higher NOR concentra-
tions (> 150 pM). Competition with sorption and ion bridging
should be a dominant mechanism causing these two sorption
effects, respectively. Cr and As decreased NOR sorption onto
suspended particles and sediments, decreased the sorption of
lower concentrations (< 150 uM) and increased the sorption
of higher concentrations of NOR (> 150 uM) onto biofilms.
Similar effects were caused by Cr, As, Pb, and Cd on the
sorption of NOR onto the three solids. This could be relative
to the properties of dissociable zwitterionic NOR in the solu-
tion. Similar phenomena could result from different mecha-
nisms. For example, anionic Cr(VI) and As(V) salts caused
the solid surface to become more loose through electrostatic
repulsion, and subsequently more solid components with
adsorbed NOR dissolved in the solution. The mechanism of
this effect on sorption was different from those of Pb(Il) and
Cd(II), which were due to directly competing sorption sites.

Conclusions

Pb and Cd promoted lindane sorption, but Cr and As sup-
pressed lindane sorption onto biofilms, suspended particles,
and surface sediments from the same river. The enhanced and
weakened hydrophobicity of these solids, affected by the four
heavy metals, were the main causes of these apparent in-
creased and decreased sorptions. The presence of Pb, Cd, Cr,
and As decreased the sorption of NOR onto sediments and
suspended particles at pH 5.7~6.3. The mechanism of the
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effects of Pb and Cd could be due to competition between
divalent metal cations and NORH,* for the same positively
charged sites on sediments and suspended particles with
higher CEC values. The mechanism of the effects of Cr and
As could due to the initial combination of NORH," with chro-
mate and arsenate, weakening ion-exchange adsorption. Pb,
Cd, Cr, and As increased the sorption of NOR onto biofilms at
pH 5.7~6.3. Biofilms had the highest organic matter content
of the three solids. The presence of Pb and Cd enhanced the
flocculation of DOM combined with NORH,* onto biofilms.
In addition, Cr and As enhanced the hydrophilicity of
biofilms, and then increased their sorption capacity for NOR
with hydrophilic groups. Similar sorption phenomena could
originate from different inherent mechanisms. The mecha-
nisms of NOR sorption onto biofilms were more complicat-
edly affected by heavy metals.
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