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The adsorption behaviours and mechanisms of ciprofloxacin (CIP) and sulfamethoxazole (SMZ) as
adsorptives on humic acid (HA) as adsorbents were studied. The adsorption isotherms of CIP and SMZ
on HA fit the Freundlich equation better, and sorption equilibrium could be attained within 12 h. The
maximum adsorption capacities of CIP and SMZ on HA were 13.64 mg g~ ! and 7.54 mg g%, both of
which exhibited favourable adsorption. The kinetics results indicated that the adsorption of each
antibiotic by HA followed pseudo-second-order kinetic models and that the adsorption process included
the fast-adsorption stage first and the slow-adsorption stage thereafter. The adsorption efficiencies of
HA to CIP were higher than those of SMZ. Compared to ionic strength, the effects of temperature and
pH on adsorption were significant. The main adsorption mechanism of CIP and SMZ on HA could occur
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DOI: 10.1039/c7ra06231a via hydrogen bonding. Competitive adsorption in coexistence systems of CIP and SMZ was observed on

rsc.li/rsc-advances HA, and CIP was a stronger competitor to SMZ than SMZ was to CIP.

1 Introduction

Antibiotics, a class of pharmaceuticals that are extensively used
worldwide," have attracted significant concerns in recent
decades due to their potential threat to ecological environments
and human health. In epidemiology, antibiotics could lead to
selective pressure on aquatic bacteria and induce the formation
of antibiotic-resistant bacteria.” The highest resistant rates of
tetracycline, sulfamethoxazole and cefalotin sodium have
reached 57%, 13% and 35%, respectively,’ and antibiotic
resistance has become a global health crisis according to the
World Health Organization (WHO). However, the detection
frequencies of antibiotics in aquatic environments are high,
and some antibiotics have reached ng or even mg levels due to
the extensive use of antibiotics.*® Antibiotics are widely used to
treat or prevent human and animal diseases and promote the
growth of animals in livestock and aquacultural operations.”®
They are often partially metabolized in organisms and excreted
as the parent compounds or metabolites (60-90% of antibiotics)
into the environment vig urine and faeces.’
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The occurrence of antibiotics in the environment is affected
by many factors, such as pH, temperature and organic
matter.’"® Humic acid, which is a complex of the organic
polymer class with carboxyl and hydroxyl functional groups, is
widely distributed in the soil and water of rivers and lakes.** It
has a profound influence on the transformation of antibiotics
and biological activity in the environment due to its good
physiological activity and adsorption, complexation, and
exchange functions of antibiotics.""” Guo et al (2015)
revealed the adsorption characteristics of tylosin and sulfame-
thazine on humic acid, which were well-fitted by the Freundlich
model and compartment pseudo-first-order model. Aristilde
and Sposito (2010, 2013)"* conducted the detailed and thor-
ough research on the binding mechanism of CIP with humic
substances (HS), which provides important insight into the
intermolecular interactions leading to stable FQ antibiotic-HS
complexes. The adsorption process of CIP on HS could result in
structural rearrangement of HS and form new intermolecular H-
bonds in the CIP-HS complexes. The adsorption of antibiotics
on HA could be affected by many factors, including HA struc-
ture, pH, ionic strength and temperature.'*** In addition, the
main adsorption mechanisms of antibiotics on HA include
hydrophobic  binding, ion exchange and hydrogen
bonding.'®****

The pollution caused by antibiotics is especially prominent,
but the adsorption mechanisms of antibiotics in environmental
media are insufficient. Identifying the adsorption properties
and sorption mechanisms of antibiotics with different mecha-
nisms can effectively predict their environmental behaviour.
Therefore, the adsorption behaviour and influence factors of
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CIP and SMZ on HA were studied. In addition, antibiotics in the
actual environment often exist as a mixture, which could extend
the residence time of antibiotics in liquids and increase their
migration risk. However, most adsorption mechanisms for
antibiotics on HA have analysed only a single compound, with
few studies of the adsorption behaviour of the coexistence
system of multiple antibiotics on HA. Therefore, the influence
of coexisting substances should be considered when evaluating
the migration ability of antibiotics. This paper preliminarily
studies the adsorption characteristics of a coexistence system of
CIP and SMZ on HA and their interacting effects. The results
reveal the environmental behaviour of SMZ and CIP and provide
reliable information regarding the risk level of antibiotics in
actual aquatic environments.

2 Materials and methods

2.1 Materials and chemicals

Sulfamethoxazole (SMZ) and ciprofloxacin (CIP) (purity > 98%)
were purchased from Dr Ehrenstorfer GmbH (Germany), and
detailed information is given in Table 1. Humic acid (HA) and
calcium chloride (CaCl,), which were guarantee reagents (GR),
were obtained from Sinopharm Chemical Reagent Co. Ltd.
Methanol and formic acid were of HPLC grade and obtained
from Fisher Chemicals (Fair Lawn, NJ, USA). Ultrapure water
was produced by a Milli-Q unit (Millipore, USA).

2.2 Adsorption experiments of SMZ and CIP to HA

In the batch experiment, the optimum dosage of humic acid
was 4 g L. The influence of ionic strength was monitored by
adding CaCl, at fixed concentration of 0.001, 0.005, 0.01, 0.05,
or 0.1 mol L™". The temperature effect was quantified during
the adsorption experiments at 25 °C (298 K), 35 °C (308 K) and
45 °C (318 K). The pH was adjusted with concentrated solutions
of hydrochloric acid (HCI) and sodium hydroxide (NaOH), and
the effect on the adsorption of CIP and SMZ on HA was studied
from pH 4 to 9 at 25 °C (298 K).

In kinetic studies with concentrations of SMZ (100 mg L™ ")
and CIP (100 mg L") at 25 °C (298 K), the equilibration times
were 5, 10, 20, 40, 60, 120, 180, 360, 540, 720, 1080, 1440, 2160,
and 2880 min. The isothermal adsorption experiments for SMZ
and CIP were performed at 25 °C (298 K) at a concentration
ranging from 10-100 mg L~'. The co-adsorption experiment
was performed at a fixed concentration of 100 mg L™ " of CIP and
SMZ in mixed solution. The background solution contained
0.01 mol L™! CaCl, and 200 mg L™ NaNj; as a bioinhibitor.
Adsorption experiments were conducted in 50 mL glass centri-
fuge tubes with a solid-liquid ratio of 1 : 250. The suspensions

Table 1 Physico-chemical properties of CIP and SMZ
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were kept in the dark and equilibrated for 24 h in a water-bath
shaker at 25 °C (298 K). After filtration through a 0.22 pm
membrane to remove particles, the final sample was transferred
to a 2 mL amber glass bottle and stored for analysis.

2.3 Detection of SMZ and CIP

The concentrations of CIP and SMZ in the supernatants were
quantified by an HPLC (Agilent Technologies 1200) equipped
with an Athena C18-WP (5 um, 4.6 x 250 mm) and a UV detector
at 265 nm. The column was maintained at 30 °C during sample
analysis. The mobile phase was 35:65 (v/v) meth-
anol : deionized water with 0.1% formic acid at a constant flow

rate of 0.8 mL min~ .

2.4 Measuring and analysing methods of HA

The characteristics of HA were analysed by a laser particle size
analyser and specific surface area tests (BET) (ASAP2000, USA).
Elemental analyses on HA before and after adsorbing CIP and
SMZ were performed using a vario MACRO cube (Germany)
elemental analyser to determine the C, H, N and O contents.
The functional groups on HA before and after adsorbing CIP
and SMZ were analysed using Fourier transmission infrared
spectroscopy (Fourier-380 FTIR, USA). Zeta potentials of HA
dissolved in deionized water were determined using a zeta
potential analyser (ZetasizerNano ZS 90, Malvern, UK).

2.5 Quality assurance and quality control

The calibration curves (0.1-100 mg L™ ' concentrations) for
analyte detection presented good linearity (R> > 0.99). Samples
of CIP and SMZ solutions without solid particles were kept in
the same condition as were the blank samples. The natural
degradation rates of CIP and SMZ in blank samples were less
than 1% and were ignored. In addition, the coefficient of vari-
ance for UPLC analysis was less than 5% based on three
measurements.

2.6 Data analysis

Adsorption kinetics were fitted using the first-order kinetic
model, second-order kinetic model and intraparticle diffusion
model:

The first-order kinetic model:

In(ge — g) = Ing. — kit 1)

The second-order kinetic model:

t 1 t

_— 4 — 2
kg qe @

Antibiotics CAS Chemical formula Molecular weight Melting point (°C) log Kow
CIP 85721-33-1 C,,H,sFN;0; 331.34 255-257 0.4
SMZ 723-46-6 C10H11N;058 253.28 166 0.89
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The intraparticle diffusion model:
q, = kst'"* + constant (3)

where ¢; and ¢. are the amounts of adsorption at time ¢ and
equilibrium, respectively, mg g™ *; &; (h™"), k, (g mg™" min™ %),
ks (mg g~ ' min~"?) are the sorption rate constants; and ¢ is
time, min.

Adsorption isotherms were fitted using the Freundlich and
Langmuir models.

Freundlich model (FM):

ge = KFCel/n (4)

Langmuir model (LM):

KLqmaxCe
e= T 5
9 1+ K.C, )

where g. is the adsorption of CIP and SMZ, mg g " C. is the
adsorption equilibrium concentration of CIP and SMZ, mg L™,
and gpax is the maximum adsorption capacity, mg ¢~ Kz and 7,
as the Freundlich adsorption constants, represent the adsorp-
tion capacity and adsorption intensity, respectively. K, is the
Langmuir adsorption affinity constant, L mg™".

To compare the competitive adsorption capacity of CIP and
SMZ, the competitive intensity (4, %) is calculated using the
following formula:

A= (Kd — Kd)/Kd x 100% (6)

where Ky is the adsorption coefficient for single adsorption of
main materials, L kg™ . K'q is the adsorption coefficient of main
materials with the existence of competitive substance, L kg™ .
The effect of temperature on adsorption can be expressed
using thermodynamic parameters, including AG, AH and AS.
Free energy changes (AG) are calculated using the following
equation:

AG = —RTIn K, 7)

The standard enthalpy (AH) and standard entropy (AS) is
calculated using

AS —-AH
InKi=—+— 8
A= R TR (8)
where R is the universal gas constant, 8.314 J K" mol ™ ". T'is the
temperature in kelvin, K. K, is the Freundlich adsorption

constant at temperature T (K).

3 Results and discussion
3.1 Adsorption kinetics of CIP and SMZ on HA

The adsorption kinetic curves of CIP and SMZ on HA were
similar (Fig. 1). The adsorption process could be divided into
two stages: the rapid sorption stage (3 h ahead) and slow
adsorption stage (3 h afterward), and the absorption reaction
generally reached equilibrium in 12 hours. At the rapid
adsorption stage, CIP and SMZ was mainly adsorbed on the

This journal is © The Royal Society of Chemistry 2017
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Fig.1 Adsorption kinetics of CIP and SMZ on HA.

external surface of HA. The rapid adsorption process could be
considered the movement of solute molecules along the radial
direction with the least diffusion resistance, and the low sorp-
tion stage occurred gradually due to the tremendous resistance
of the narrow aperture. At the slow adsorption equilibrium
stage, the diffusion of CIP and SMZ was in the inner layer of HA
at slow speed and was affected primarily by the properties of
HA, CIP and SMZ. In addition, 24 hours was the equilibrium
adsorption time to ensure the accuracy of the experimental
results.

The adsorption of CIP and SMZ on HA follows a pseudo-
second-order kinetic equation (CIP — R> = 0.9999, SMZ —
R®> = 0.9996) better than a pseudo-first-order kinetic equation
(Table 2). It was further confirmed that the adsorption process
of CIP and SMZ on HA was divided into a rapid sorption stage
and slow adsorption stage, indicating that adsorption
became involved in chemisorption. The adsorption rate of 1.71 g
mg ' min~" for CIP was greater than the 1.46 g mg " min™" rate
for SMZ, indicating that the adsorption activation of HA to CIP
was higher in SMZ and was related to the structural properties of
CIP, SMZ and HA.

To identify the diffusion mechanism of the process of
adsorption CIP and SMZ on HA, the intraparticle diffusion
model was used to determine whether intraparticle diffusion
was the controlling factor for adsorption rate.

At the rapid adsorption stage, the adsorption process of CIP
and SMZ on HA was in accordance with the intraparticle
diffusion equation with good fit (R* > 0.9) (Table 2), indicating
that the adsorption rate was controlled mainly by intra-particle
diffusion at the rapid adsorption stage. The whole adsorption
process of SMZ on HA was not fitted by an intraparticle diffu-
sion model, contrary to that of CIP. This result indicated that
the adsorption rate was controlled by membrane diffusion and
surface adsorption, in addition to intraparticle diffusion, for
SMZ on HA and that the adsorption rate was controlled mainly
by intraparticle diffusion for CIP on HA. The intraparticle
diffusion equation did not pass through the origin for CIP,
which indicated that intraparticle diffusion was the main
controlling factor but was not the only one. In addition, this

RSC Adv., 2017, 7, 50449-50458 | 50451
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First-order kinetic equation Second-order kinetic equation

Particle interior diffusion
equation (rapid adsorption
stage)

Particle interior diffusion
equation (whole adsorption
process)

ki/(min) gJ/(mgg') R k/gmg 'min™') g¢J/(mgg ") R ky/(mg g ' min~*%) R’ ky/(mg g ' min~*%) R?
CIP 0.78 18.66 0.948 1.71 15.75 0.9999 0.13 0.9271 0.42 0.934
SMZ 0.19 5.37 0.938 1.46 6.36 0.9996 1.91 0.9259 0.62 0.774

phenomenon further revealed that the adsorption capacity of
CIP on HA was greater than for SMZ.

3.2 Adsorption isotherms studies

Fig. 2 illustrates the adsorption isotherms of CIP and SMZ on
HA at 25 °C (298 K). The adsorption capacity of CIP on HA was
significantly higher than that for SMZ. The adsorption capacity
of CIP on HA increased linearly with increasing equilibrium
concentration, and the slope of the curve decreased slightly
when the equilibrium concentration was above 26.84 mg L™ ".
The adsorption capacity of SMZ on HA changed slowly, and the
dependence of adsorption on equilibrium concentration was
small. In general, the adsorption capacity increased rapidly at
low equilibrium concentrations but then flattened gradually
until saturation.

=
©
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—-CIP

=
H

=
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=
o

Adsorption capacity (mg/g™)
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Fig. 2 Adsorption isotherms of CIP and SMZ on HA.

Table 3 Parameters of adsorption isotherm of CIP and SMZ on HA

The adsorption isotherms of CIP and SMZ on HA were fitted
by the Langmuir equation and Freundlich equation, respectively,
and the results are shown in Table 3. The correlation coefficients
(CIP — R* = 0.995, SMZ — R*> = 0.995) demonstrate that the
Freundlich model was more suitable than the Langmuir model,
with adsorption constants (Kg) of 1.4808 (mg g~ %) (L mg™*)"" for
CIP and 0.4749 (mg g ') (L mg )" for SMZ. The maximum
adsorption capacity of CIP and SMZ on HA was 13.64 mg g~ ' and
7.54 mg g . The constant n obtained by Freundlich equations
was 1.52 and 1.63, respectively, which reflected the favourable
adsorption of CIP and SMZ on HA. In addition, the adsorption
strength value (1/n) of CIP and SMZ on HA was below 1, indi-
cating that the adsorption isotherms of CIP and SMZ were S-
shaped at 25 °C (298 K) and that the proportion of antibiotic
adsorption increased with increasing antibiotic concentration in
a specific concentration range.

3.3 Co-adsorption of sulfamethoxazole and ciprofloxacin on
HA

In the actual environment, the coexistence of multiple antibiotics
is a common phenomenon.”® The interactions between antibi-
otics will change their environmental behaviours and risks.”**
Most studies of co-adsorption focused on apparent adsorption
phenomena; for example, the adsorption rate of main pollutants
decreases due to competitive adsorption, contrary to synergistic
adsorption. An isotherm comparison of a single adsorption
system of CIP or SMZ and co-adsorption system of CIP and SMZ
is shown in Fig. 3 and 4. The co-adsorption of CIP and SMZ on HA
was well fitted by the Freundlich equation model (Table 4). As
seen from Fig. 3 and 4, the adsorption of CIP and SMZ on HA was
inhibited to some extent in the coexistence system, indicating
competitive adsorption.

The competitive strength of CIP (A = 40.98%) to SMZ was
1.63 times that of SMZ to CIP (A = 25.08%), and the adsorption
of CIP in the single adsorption system was also significantly
higher than for SMZ, which indicated that the hydrophobic and

Langmuir model

Freundlich model

Gmax (Mg g7 K (Lmg™) Ry s Ky (mg g~") (L mg™ """ nt s
CIP 15.72 0.090 0.11 0.977 1.48 0.66 0.995
SMZ 7.54 0.039 0.26 0.987 0.47 0.61 0.995
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Fig. 3 Adsorption of CIP with the absence (O) and presence (J) of
SMZ on HA.
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Fig. 4 Adsorption of SMZ with the absence (O) and presence (1) of
CIP on HA.

hydrogen bond interactions could be the main cause of the
higher adsorption of CIP. In addition, the constant n of CIP and
SMZ in the coexistence adsorption system was higher than that
in the single adsorption system; the main cause was that
adsorption nonlinearity was reduced by competitive adsorption
and the high energy sites of the main material were occupied by
competing substances.

3.4 Effects of ionic strength, temperature and pH on SMZ
and CIP adsorption

3.4.1 Effect of ionic strength. The adsorption of CIP and
SMZ on HA could be inhibited by Ca®", similar to previous

Table 4 Parameters of co-adsorption isotherm of CIP and SMZ on HA
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Fig. 5 Adsorption of CIP and SMZ on HA at different Ca®*
concentration.

research on the effect of ionic strength on adsorption,**** sug-
gesting surface complexation among CIP, SMZ and HA and
a weak dependence on ionic strength (Fig. 5) which was related
to the type of HA according to the findings of Aristilde and
Sposito (2013).* The adsorption constant K4 of CIP and SMZ on
HA decreased gradually with an increasing Ca>* concentration
(Table 5). The negative effect of ionic strength on adsorption
CIP on HA was higher than that for SMZ but not significant.
When the concentration of Ca®" was less than 0.1 mol L™, ionic
strength had little effect on the adsorption of CIP and SMZ on
HA. However, the adsorption properties of HA to CIP and SMZ
decreased linearly when the concentration of Ca*>* was above
0.1 mol L', and the degree of negative influence slightly
increased compared to the concentration of Ca®>" below
0.1 mol L™". Ca*" in solution can produce the (CaCl)" form™
adsorbed on the surface of HA, which can compete for exchange
sites with CIP and SMZ.

In addition, HA is an organic macromolecule, so an increase
in ionic strength could cause shrinkage and a decrease in HA
pore size, leading to a decrease in the total number of adsorp-
tion sites. Electrostatic interactions between adsorbents and
adsorbates decreased, whereas hydrophobic interactions
increased.**** Therefore, a higher ionic strength was not
conducive to the adsorption of CIP and SMZ on HA.

3.4.2 Effects of temperature. The adsorption process was
strongly dependent on temperature. The adsorption isotherms
of CIP and SMZ on HA at different temperatures are shown in
Fig. 6 and 7. The adsorption of CIP and SMZ on HA was well

Langmuir model

Freundlich model

Gmax (Mg g7 K, (Lmg™) s Ky (mg g ") (Lmg """ n R
CIP 12.38 0.087 0.938 1.09 1.487 0.980
SMZ 4.05 0.059 0.882 0.36 1.780 0.967

This journal is © The Royal Society of Chemistry 2017
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Table 5 Adsorption constant Ky of CIP and SMZ on HA at different
Ca®* concentration®

Ca”* concentration Adsorption constant K; Adsorption constant Kq

(mol L™ of CIPon HA (Lkg™")  of SMZ on HA (L kg™ ')
0.001 445.31 88.33
0.005 421.70 84.64
0.01 400.34 82.73
0.05 329.93 62.98
0.1 277.17 46.73

“ The adsorption constant Ky is the ratio of adsorption capacity of CIP or
SMZ on a unit mass of HA and equilibrium concentration of CIP and
SMZ in solution.
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Fig. 6 Adsorption of CIP on HA at different temperatures.

fitted by the Freundlich equation model at 25 °C (298 K), 35 °C
(308 K) and 45 °C (318 K). The effects of temperature on the
adsorption of CIP and SMZ on HA were significant. The
parameter K in the equation can be used to evaluate the
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Adsorption (mg/g?)
=)
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0 20 40 60 80

equilibrium concentrations (mg L'l)
Fig. 7 Adsorption of SMZ on HA at different temperatures.
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adsorption properties. The parameter Ky of CIP at 298 K was
1.19 and 1.47 times those observed at 308 K and 318 K,
respectively (Table 6), which indicated that a low temperature
favoured the adsorption of CIP on HA, similar to most adsorp-
tion experiments.**** However, the adsorption capacity of SMZ
on HA increased with increasing temperature. The parameter Ky
of SMZ in 318 K was 1.99 and 1.46 times than for 298 K and
308 K, respectively, indicating that the adsorption capacity of
HA to CIP significantly increased and that the high temperature
was favourable to adsorption. The increase in temperature can
promote the diffusion of SMZ molecules and decrease the
solution viscosity, which promoted SMZ molecules passing
through the outer boundary of the adsorbent to enter the
internal pores.*® This was similar to the adsorption of sulfa-
methazine on HA."® In addition, the effect of temperature on the
adsorption of SMZ on HA was greater than for CIP. Considering
the constant n to have a nonlinear degree, the solution with
higher concentration had lower sorption nonlinearity for SMZ,
and the site energy distribution of SMZ on HA became more
uniform.

Adsorption thermodynamic parameters for CIP and SMZ on
HA are shown in Table 7. The free energies (AG) of CIP and SMZ
were both below zero, suggesting that the adsorption reaction
was spontaneous. The absolute value of free energy (AG) was
below 40 kl mol ", indicating that the adsorption of CIP and
SMZ on HA was mainly physical, followed by chemical adsorp-
tion.*” The thermodynamic standard enthalpy change AH of
SMZ was greater than zero, in contrast to CIP, which indicated
that the adsorption of SMZ on HA was an endothermic reaction,
with an exothermic reaction of adsorption of CIP on HA,
proving that a high temperature was favourable for the
adsorption of SMZ on HA but that a low temperature was
favourable for the adsorption of CIP. In addition, the standard
entropy (AS) of CIP and SMZ was greater than zero with
a decline in system orderliness and an improvement in energy,
which indicated that the functional groups of HA changed
during adsorption to CIP and SMZ; this was confirmed by the
infrared spectra of HA and coating with CIP or SMZ. In addition,
this result indicated that CIP and SMZ could be fixed by HA in
aquatic environments to somewhat diminish environmental
pollution and ecological risk. However, the adsorption mecha-
nism of CIP and SMZ on HA depended on physical adsorption,
which is reversible. Therefore, the secondary release of CIP and
SMZ on HA was due to environmental changes, which should be
further investigated.

3.4.3 Effect of pH. The pH value has a great impact on the
adsorption of antibiotics. Antibiotics exist as ionic organic
pollutants**** could be affected by solution pH. In addition, the
form and structure of HA could be affected by pH. When the pH
value is over a certain range, the functional groups, such as
hydroxyl and carboxyl, will be hydrolyzed and affect the surface
charge on HA.

The adsorption capacity of CIP on HA first increased and then
decreased with a variation in the pH of the aqueous solution
(Fig. 8). When the pH was 5, the adsorption effect of CIP on HA
was best, with an adsorption capacity of 16.76 mg g™, similar to
the adsorption of CIP on river sediments* and ustic cambosols.**

This journal is © The Royal Society of Chemistry 2017
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Table 6 Parameters of adsorption isotherm of CIP and SMZ on HA at different temperature
Langmuir model Freundlich model
Antibiotic Temperature Gmax (Mg g™ ") Ky (L mg ™) R Ky (mg g ") (L mg™Y)"" n R
CIP 25 °C (298 K) 15.72 0.090 0.977 1.48 0.66 0.995
35 °C (308 K) 14.45 0.077 0.974 1.24 0.65 0.995
45 °C (318 K) 13.64 0.059 0.974 1.01 0.65 0.977
SMZ 25 °C (298 K) 7.54 0.039 0.987 0.47 0.61 0.995
35°C (308 K) 10.21 0.046 0.975 0.65 0.65 0.991
45°C (318 K) 11.74 0.061 0.979 0.95 0.62 0.985

Table 7 Adsorption thermodynamic parameters of CIP and SMZ on
HA

AS/
AG/(kJ mol ™) AH/(k] mol ") K " mol™)
Temperature CIP SMZ CIP SMZ CIP SMZ
25°C(298K) —18.09 —15.27 —15.05 27.23 10.25 142.51
35°C (308 K) —18.24 —16.59
45°C (318 K) —18.29 —18.12

The form of CIP can change with pH. The cationic form of CIP
was predominant in equilibrium solutions due to the binding of
amine groups on CIP and H' (ref. 45) (Fig. S11), and HA had large
carboxyl, hydroxyl and sulfo functional group with positive
charges under acidic conditions. There is some classical repul-
sive force between CIP and humic acid, but CIP can be adsorbed
on HA via ion exchange and hydrogen bonds. With an increase in
the alkalinity of the aqueous solution, the zwitterion and anion of
CIP were predominant due to the binding of amine groups on
CIP and OH ™, and the adsorption capacity of HA to CIP was
weakened. The active functional groups of HA (carboxyl and
phenolic hydroxyl groups) would transform from molecule to
anion, so CIP and HA were mutually exclusive, and the configu-
ration extension and hydrogen bond between HA and cipro-
floxacin obviously decreased. Therefore, the surface physical
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Fig. 8 Adsorption of CIP and SMZ on HA at different pH.
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adsorption due to electrostatic attraction was weakened, which
could reduce the adsorption of CIP on HA.

The adsorption capacity of SMZ on HA decreased nonlinearly
with the increase in solution pH. When the solution pH was less
than 1.6, the cationic form of CIP was predominant in equi-
librium solutions (Fig. S2t), and SMZ could be adsorbed on HA
by the ion exchange and hydrogen bonds. When the solution
pH was between 1.6 and 5.7, the neutral molecules and cationic
form of SMZ were predominant in equilibrium solutions, which
the neutral molecules were higher.*® At this time, the ion
exchange was significantly weakened. In addition, the adsorp-
tion capacity of SMZ on HA was small and exhibited a minor
difference when the pH ranged from 4 to 6. The change in the
adsorption capacity of SMZ on HA was similar to CIP, with the
same mechanism observed when pH was 6-9.

3.5 Plausible interaction mechanism between HA and SMZ,
CIP

Detailed information regarding elemental composition is listed
in Table 8. The original HA has a relatively higher carbon
content (44.41%), followed by oxygen content (28.6%), indi-
cating that HA contains many oxygen functional groups.
Notably, the carbon content of SMZ-adsorbed HA, CIP-adsorbed
HA (CIP-HA) and SMZ + CIP-adsorbed HA (SMZ-HA) is higher
than that of the original HA, contrary to the oxygen and
hydrogen contents. In addition, the increase in the carbon
content of SMZ + CIP-adsorbed HA is lower than those of SMZ-
adsorbed HA and CIP-adsorbed HA, whereas the decrease in
oxygen and hydrogen contents of SMZ + CIP-adsorbed HA is
lower than those of SMZ-adsorbed HA and CIP-adsorbed HA.
This phenomenon indicates that the adsorption rate of CIP and
SMZ on humic acid might decrease due to a coexistence system.

Fig. 9 shows the infrared spectra of HA, CIP-HA and SMZ-HA,
namely, the stretching vibration of O-H at 3382, 3362 and
3390 cm ™. The bands at 2931 cm™ " and 1704 em™" can be
assigned to C-H and C=0O stretching vibrations, respectively.
The band at 1610 cm™* could be C=C or C=O0 stretching
vibration on aromatic nuclei. The band at 1467 cm ™" could be
the unsaturated C-H bending vibration. The bands at 914 cm ™"
and 757 cm ™" were assigned to the carboxylic acid O-H and
arene C-H external bending vibrations, respectively. The band
at 617 cm ™' could be external bending vibration formed by
alcoholic hydroxyls. There is a significant adsorption peak at
1118 cm ™' that may correspond to the strong adsorption peak
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Table 8 Characterization of original HA, SMZ-adsorbed HA, CIP-adsorbed HA and SMZ + CIP-adsorbed HA

Original HA

SMZ-adsorbed HA

CIP-adsorbed HA SMZ + CIP-adsorbed HA

Elemental analysis (atom based) (%) C 44.41

H 3.92

o 28.60

N 1.19
Asurf (mz gil) 39.40 m” g71
Zeta/MV —6.05

of aliphatic ethers. A pair of bands at 1035 cm ™' and 1033 cm™*
were assigned to the strong-polarity C-O stretching vibrations.
The band at 1257 cm ™" was assigned to C=0 or O-H stretching
vibration. The spectra of HA, CIP-HA and SMZ-HA were similar.
However, the intensity of the characteristic peak of HA after
coating with CIP and SMZ changed obviously, and a red shift
occurred. At 3390, 2931, 1704 and 1118 cm™ ', the intensity of
the absorption peak was obviously weakened, indicating that
the chemical adsorption of CIP and SMZ on humic acid mainly
occurred on O-H, C-H and C=O bonds, and the intensity
change for the absorption peak of CIP-HA was higher than that
for SMZ-HA.

As a complex of the organic polymer class, humic acid
contains various chemically reactive functional groups, such as
carboxyl and hydroxyl functional groups, which cause complex
interactions of HA with antibiotics. As seen in Fig. 9, the shifts
of O-H (3390 cm™ ') and C-O (1118 cm ') were indicative of
hydrogen bonding and hydrophobic interactions between HA
and CIP or SMZ (Fig. 10). The mechanisms likely include the
hydrogen bonding of aromatic carboxyl or hydroxyl groups on
HA with O atoms in the carbonyl group of CIP, which was
confirmed by* according to molecular dynamics (MD). In
addition, the aromatic carboxyl group and ortho -OH group on
HA interacts with the O atom of two adjacent carbonyl groups
on CIP. Therefore, hydrogen bonds could be the main adsorp-
tion pathway for CIP on HA.">?*° Plausible mechanisms of SMZ
on HA could be the synergistic effects of hydrogen-bonding and
hydrophobic interaction. The amide of SMZ in solution could

—HA —HASMZ —HACIP
100
g 90
E 80
g
=
70
60
50 .
2390
Wavenumber (cm™)
Fig. 9 FTIR spectra of HA, HA-SMZ and HA-CIP.
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52.78 53.01 52.13
3.49 3.50 3.88
22.12 22.01 22.48
1.53 1.49 1.60

effectively interact with hydroxyl vie hydrogen bonding. In
addition, the oxazole ring of electron deficiency was in parallel
contact with the benzene ring in a face-to-face orientation,
leading to the effective adsorption of SMZ on HA via hydro-
phobic interaction. Fig. 11 showed that the surface structure of
HA before and after adsorption showed significant changes,
indicating a strong interaction between some functional groups
of HA and CIP or SMZ. The variable degree of HA-CIP was higher
than that of HA-SMZ, consistent with the infrared spectra.
Therefore, hydrogen bonds could be the most important
adsorption pathway for CIP and SMZ on HA.

The absolute value of the free energy (AG) of CIP and SMZ
was 2-29 k] mol ™', indicating that dipole moment force, elec-
trostatic interactions, hydrophobic interaction and ion
exchange played subsidiary roles that could also affect the
adsorption of CIP and SMZ on HA. In addition, the electrostatic
interaction significantly depended on pH in solution. When the
pH of CIP and SMZ was below 5.9 and 1.6, the negative charge of

Note: @,®,®, @ — Hydrogen bonds
® — hydrophobic interaction

50000 5.0kv 100nm 50000 5.0kv 100nm 50000 5.0kv 100nm

Fig. 11 The SEM images of (a) HA, (b) HA-SMZ and (c) HA-CIP.
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the acidic oxygen functional groups showed a strong electro-
static interaction between the cationic centres (-NH;") of CIP and
SMZ. Generally, CIP and SMZ exist as negative ions and neutral
particles at neutral pH. Thus, the electrostatic interaction among
CIP, SMZ and HA is very weak in the 6.5-7.2 pH range used in this
study.

4 Conclusion

The adsorption of CIP and SMZ on HA included the fast-
adsorption stage first and the slow-adsorption stage after-
wards. The fast-adsorption stage could be fitted by the intra-
particle diffusion model, and the entire adsorption process of
CIP and SMZ on HA follows a pseudo-second-order kinetic
equation. The adsorption efficiencies of HA to CIP were higher
than those of SMZ. The adsorption isotherms of CIP and SMZ
on HA were consistent with the Freundlich equation model. The
adsorption mechanism of CIP and SMZ on HA could occur via
hydrogen bonds. The effects of temperature and pH on the
adsorption of CIP and SMZ on HA were significant compared to
ionic strength. In addition, the competitive strength of CIP to
SMZ was higher than that for SMZ to CIP in the coexistence
system. The presence of HA in the environment could reduce
the migration ability and environmental risk of CIP and SMZ. In
addition, the adsorption of antibiotics on HA was influenced by
many factors, and further study is needed to explore the specific
mechanisms and assess the environmental risks and to guide
the prevention and treatment of antibiotics.
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