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widely used antibiotic. The adsorption behavior of CTC on Fe;04 MNPs fitted the pseudo-second-order
kinetics model, and the adsorption equilibrium was achieved within 10h. The maximum Langmuir
adsorption capacity of CTC on Fe304 (476 mgg~!) was obtained at pH 6.5. Thermodynamic parameters
calculated from the adsorption data at different temperature showed that the adsorption reaction was
endothermic and spontaneous. Low concentration of NaCl and foreign divalent cations hardly affected the
adsorption. Negative effect of coexisting humic acid (HA) on CTC adsorption was also observed when the
concentration of HA was lower than 20 mg L. But high concentration of HA (>20 mgL~") increased the
CTC adsorption on Fe304 MNPs. The matrix effect of several environmental water samples on CTC adsorp-
tion was not evident. Fe304 MNPs were regenerated by treatment with H,O, or calcination at 400°C in
N, atmosphere after separation from water solution by an external magnet. This research provided a
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high efficient and reusable adsorbent to remove CTC selectively from aqueous media.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Antibiotics have been widely used in human and veterinary
medicine for about 70 years [1]. In China, the annual usage of tetra-
cyclines (TCs), akind ofimportant antibiotic, was about 9413 tons in
1999 and the production of oxytetracycline was about 10000 tons
in 2003 [2]. Most of the TCs were excreted to environment with-
out metabolism and assimilation [3]. Residues of tetracyclines have
been frequently detected in various environmental water samples
[4,5]. The presence of TCs in environment has raised significant con-
cern because high concentration of TCs is potentially hazardous
to sludge bacteria and non-target organisms in aqueous environ-
ment [6-8]. Most importantly, the emergence of superbugs with
it has threatened the public health significantly and caused a psy-
chic scare [9]. Therefore, elimination of TCs from environment is
extremely urgent to reduce the potential health risk and ecological
risk of TCs.

TC's electron-rich ketone, amide, and hydroxyl groups con-
tribute to forming stable metal-ligand complexes with multivalent
cations [10,11]. Recently, the elimination of TCs by minerals and
metal oxides has been investigated [12,13]. Hydrous oxides of iron
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are important components of environmental minerals which are
considered as major adsorbents for many inorganic and organic
contaminants [14]. Tanis et al. [15] investigated the adsorption
behavior of TCs on naturally occurring iron-bearing minerals such
as iron oxides-coated quartz. These studies reveal the excellent
adsorption ability of TCs on iron oxides. However, the study about
the adsorption of TCs on nano-scaled iron oxide is rare.

Fe304 MNPs have attracted attention in the field of pollutant
adsorption and environmental remediation owing to the large
surface area, high adsorption ability, sufficient stability, easy prepa-
ration, convenient operation and facile recycling. The potential
applications of Fe304 MNPs for the removal of arsenic, Ni(II), Cu(II),
Cd(II), Cr(VI), palladium(Il), rhodium(IIl), platinum(IV), and neu-
tral red dye from aqueous solution have been investigated [16-18].
As a result, Fe304 MNPs show large adsorption capacity and fast
adsorptive rate to these contaminants. In this study, Fe304 MNPs
were synthesized and used to adsorb chlorotetracycline (CTC) from
environmental water samples. The adsorption kinetics and effects
of solution pH, temperature, ions strength, coexisting cations, HA
on the adsorption of CTC were investigated by batch experiments
with spiked deionized water. Regeneration of Fe304 MNPs was also
carried out to examine its reusability.

2. Experimental

All chemicals were of analytical reagent grade and used without
further purification. The information of chemicals and details of
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Table 1
Properties of synthesized Fe304 MNPs.
Adsorbent Mean diameter Surface area PHpzc Saturation magnetic Element Site density
(nm) (m?2g1) intensity (emug-') content (at%) (Fe(nm?)~1)
0 Fe
Fe304 MNPs 10 127 7.0 67.56 75.56 24.44 8.5

preparation and characterization of Fe304 MNPs were supplied in
Supplementary material. The physiochemical properties of Fe304
MNPs are listed in Table 1.

2.1. Batch experiments

The batch experiments were carried out in 100 mL polypropy-
lene bottles containing 50mL of aqueous solution. The con-
centration of adsorbent was 0.05gL~! and the corresponding
solid-to-liquid ratiowas 1:2 x 10%.Ionic strength was adjusted with
1M Nacl solution, and solution pH was adjusted with HCl and
NaOH. The suspension was stirred at 200 rpm at room tempera-
ture for 24 h. The residual concentration of CTC in supernatant was
analyzed with HPLC-UV system (The detailed analytical method for
CTCwas presented in Supplementary material.). Adsorption kinetic
study was performed following the above adsorption procedure at
certain intervals of time at pH 6.5. The effect of solution pH was
investigated at pH 3-11. The influence of ionic strength (10, 20 and
50 mM) and coexisting cations (Mg2*, Ca2*) were tested at pH 6.5
by adding NaCl, MgCl, and CaCl,, respectively. The effect of HA
was investigated by changing the concentration of HA from 2 to
50mgL-! with the initial concentration of CTC fixed at 8mgL~! at
pH 6.5. The adsorption of CTC on Fe304 MNPs in several environ-
mental water samples was tested by fixing the initial concentration
of CTC at 5mgL-!. All experiments were conducted in triplicate,
and average results were reported.

2.2. Regeneration of adsorbents

The regeneration of Fe304 MNPs was carried out by desorbing
CTC from adsorbent with acid, alkaline or EDTA-Mcilvaine solution.
In addition, we tried to directly destroy the adsorbed CTC on Fe304
MNPs surface by calcining the particles at 400 °C for 3 h under the
protection of N, [19], or soaking the particles in 2 mL H,0, (25%)
for 6 h.

2.3. Adsorption model

The linear equation and Langmuir equation were used to
describe the adsorption process of CTC on Fe304.

ge = KyCe (1)
 QuKiCe
Ge = 1+K.Co (2)

where Qm (mgg!) is the maximum adsorption capacity, ge
(mgg~1) is the amount of equilibrium adsorbed CTC, C. (mgL~1)
is the equilibrium solute (CTC) concentration, K (Lmg~') is the
binding constant of CTC on adsorbent, and K4 (Lg~!) is the lin-
ear adsorption coefficient. The Langmuir model assumes that the
adsorption occurs through monolayer adsorption on homoge-
neous surface without transformation and interaction between
the adsorbed adsorbate. The Ky of linear isotherm model suggests
apparent partition of organic pollutants in two phases.

3. Results and discussion
3.1. CTC adsorption kinetics

The adsorption of CTC on Fe304 MNPs was very fast, and about
95% of CTC adsorption happened in the first 60 min. The adsorption
equilibrium was achieved at 600 min (Fig. 1), which was slower
than the adsorption rate of TCs on palygorskite (2h) [20], but
much faster than that on rectorite (20 h) [12], aluminum and iron
hydrous oxides (180 h) [14], micro- and mesoporous carbons (3 d)
[21]. The kinetics of CTC adsorption on Fe304 was analyzed using
the pseudo-second-order model, a commonly used model that
describes chemisorption process of organic pollutants from aque-
ous solution [22].

kg2t

T 1+ kqet (3

qt
where k (gmg-1h~1) is the rate constant of the pseudo-second-
order adsorption, kqZ (t — 0) is initial adsorption rate (mgg~—! h~1),
ge (mgg1) and q; (mgg~1) are the amount of CTC adsorbed at
equilibrium and ¢ time, respectively. Eq. (3) can be rearranged to:
L — L + L (4)
dc  Ge  kq?

Based on linear regression (R?>0.9999) value of plotting of t/q;
against t, the kinetics of CTC adsorption onto Fe304 fitted well with
the pseudo-second-order kinetics model (Fig. 1, inset). The con-
stant k and initial adsorption rate kg2 obtained from the slope and
intercept of plot were 0.064gmg-'h-'and714mgg-1 h~1, respec-
tively. The calculated ge was 105.26 mg g~ !, which agreed well with
the experimental data at t =600 min.

3.2. Effect of solution pH

It was reported that solution pH played an important role on
CTC adsorption to metal oxides [10,15]. Similarly, the adsorption of
CTC on Fe304 MNPs was also pH-dependent. As shown in Table 2,
the adsorption capacity of CTC increased with solution pH at pH

0.25 1
80
0.20
"o 60 o 0.15
pa £ y=0.0095x+0.00143
£ o R’=0.9999
= < 0.10
5° 40 g
0.05
20+ 0.00
0 5 10 15 20 25
Time (h)
0 T T T T T
0 5 10 15 20 25
Time (h)

Fig. 1. Adsorption kinetic of CTC on Fe304 MNPs. Inset describes the liner plot of Eq.
(4). Csorbent =0.05gL~1; pH=6.5; T=298 K; Cnaci =10mM; Cerc=5mgL-1.
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Table 2
Langmuir isotherms and linear adsorption isotherms parameters for CTC adsorption at different solution pH. Csorpent =0.05gL~1; T=298 K; Cyaci = 10 mM.
pH Langmuir model Linear model Monolayer
adsorption density
(CTC(nm?)-1)
Qm (mgg™) Ki(Lmg™) R? Kq(Lg™) R?
3.0 186 12,251 0.944 7.57 0.967 1.43
4.5 276 12,567 0.998 10.5 0.993 2.90
5.5 377 12,368 0.985 119 0.993 3.65
6.5 476 23,051 0.951 14.5 0.990 4.69
7.5 258 9715 0.994 9.04 0.995 2.53
8.5 187 14,573 0.987 5.56 0.932 1.70

3.5-6.5, but decreased with further increase of pH (pH 6.5-8.5).
The observed pH dependence could be rationalized by evaluating
the charges of CTC and Fe304 surfaces. The zero-point-of-charge
(PHpzc) of Fe304 MNPs was pH 7.0 (Table 1). Therefore, Fe304 was
positively charged at pH<7.0 and negatively charged at pH>7.0.
The pK,; of CTC molecule was 3.3, 7.44, 9.27, respectively [23]
(Fig.S1). CTC existed as cationic ions in strong acid solution, zwitter
anions at3.3 <pH<7.44,and negativeionsat pH > 7.44[23,24].Elec-
trostatic repulsion between CTC and Fe304 surface was lowest at
pH near to pH=(pK,1 + pKy2)/2. Therefore, the greatest adsorption
of CTC on Fe304 MNPs was observed at pH 5-7.

At pH 6.5, the maximal adsorption capacity of CTC on Fe304
was 476 mgg-!. This value was much higher than the adsorp-
tion capacities of TCs on minerals or metal oxides such as
rectorite (140mgg-1) [12], palygorskite (61.8 mgg-1) [20], and
marine sediments (16.7-33.3mgg"1) [13]. The Ky value of linear
adsorption isotherms was 14.5Lg~!, which was higher than that
achieved on activated sludge (8.4Lg~1)[25],and soil organic matter
(1.14-1.62Lg 1) [26].

3.3. Effect of temperature

Since degradation or transformation of CTC in solution was
observed as the temperature was higher than 313K in the con-
trol experiment, the effect of temperature on CTC adsorption was
investigated at 298, 303 and 313 K. The adsorption enhanced with
increase of temperature, and the maximal adsorption capacity of
CTC on Fe304 increased by 10% and 40% at 303 K and 313 K, respec-
tively, compared with that at 298 K (Fig. 2a).

The Gibbs energy of the adsorption process could be calculated
from the CTC adsorption coefficient (Kyq) between solid and solu-
tion.

AG = —RTIn Kq (5)

The changes of enthalpy and entropy of CTC adsorption were
obtained from the equation as follows:
AH AS

“RTTR ©
where AH is the change in enthalpy, AS is the change in entropy,
T is the reaction temperature in K, and R=8.314](molK)~!. The
InK4 and 1/T fitted the Van’'t Hoff linear (R? =0.959) equation; AH
and AS were obtained from the slope and intercept of a plot of
InKy versus 1/T (Fig. S2). The thermodynamic parameters of CTC
adsorption were presented in Table S1.

The negative value of Gibbs energy (AG) indicated that the
adsorption was spontaneous. The absolute value of AG increased
with the increase of temperature, which implied that higher tem-
perature facilitated the adsorption of CTC on Fe304 MNPs. The
positive AS (0.21](mol K)~1) informed that the adsorption was an
irreversible process. The value of AH was positive suggesting that
the reaction was endothermic. If the AH is higher than 40 k] mol~!,
the adsorption process is supposed to proceed via chemisorption;

In Kd =

while for values less than 40k]mol~!, the adsorption process is
of physical nature [27]. The value of AH was 57.7 kj mol~!. There-
fore, we proposed that the main interaction between CTC and Fe304
MNPs was chemisorption.

3.4. Effect of ionic strength and coexisting ions

Effect of ionic strength on CTC adsorption was investigated
by performing adsorption equilibrium experiments at different
concentrations of NaCl at pH 6.5. As a result, the adsorption
capacity was decreased by 2-4% when the concentration of NaCl
increased from 10mM to 50 mM (Fig. 2b). This suggested that
surface complexation of CTC with Fe;04 was stronger than non-
specific electrostatic interactions [15].

Since CTC strongly forms complex with multivalent cations,
the influence of coexisting foreign cations was tested. The adsorp-
tion of CTC changed insignificantly when the concentration of Ca2*
and Mg2* was in the range of 2-4mM (50-100 mgL-!) (Fig. 2c).
However, the adsorption of CTC was totally inhibited when the con-
centration of the two cations was increased to 10 mM. In real water
samples, the concentration of Ca2* and Mg?* cations was generally
less than 100 mgL-!. Therefore, we expected that the adsorption
of CTC on Fe304 MNPs would not be affected by these coexisting
cations in practical application.

3.5. Effect of HA

The effect of HA on CTC adsorption was also investigated. The
results were shown in Fig. 2d. Without HA in aqueous solution, the
amount of CTC adsorbed on Fe;04 was 102.6 mgg~!. In the pres-
ence of 2mgL~! of HA, the adsorbed CTC decreased to 76.1 mgg~!.
With the increase of HA concentration, the adsorption of CTC
increased gradually. As the concentration of HA increased to 30 and
50mgL-!, the amount of adsorbed CTC was 118 and 126 mgg~!,
respectively.

[11és reported that HA was hardly adsorbed by Fe;04 MNPs and
remained free in solution as the concentration of HA was lower
than 2.8 mgL-! [28]. The free HA also had a strong affinity to TCs
[29]. Therefore, in this study the presence of 2mgL~1 of HA in reac-
tion solution significantly decreases the adsorption of CTC on Fe304
MNPs due to the competitive adsorption between Fe304 MNPs
adsorbent and HA to CTC. With the increase of HA concentration
in solution, however, HA tends to adsorb on the surface of Fe304
MNPs. Both Fe304 MNPs and the sorbed HA on Fe304 MNPs surface
can serve as potent adsorbent to adsorb CTC, which is the possible
reason for the gradually increased CTC adsorption as the coexisting
HA enhanced from 2 to 50 mgL-1.

3.6. Effect of environmental matrix
Two influent and effluent water samples of two sewage treat-

ment plants, a tap water sample and a seawater sample were
used to study the effect of sample matrix on CTC adsorption. The
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Fig. 2. Effect of temperature (a), ionic strength (b), coexisting Ca2*, Mg?* cations (c), and humic acid (d) on CTC adsorption onto Fe304 MNPs. Csorpent =0.05gL~"; pH=6.5.

amount of CTC adsorbed on Fe304 MNPs in effluent water samples
and tap water sample was similar with that obtained in deionized
water. The adsorbed amount of CTC on Fe304 in influent samples
decreased only 7% compared with that in deionized water. How-
ever, the CTC adsorption decreased to 75.6% in seawater sample
due to the high salinity (Fig. 3). Generally, the effect of environmen-
tal matrixes on CTC adsorption was not evident, which indicated
that Fe304 MNPs were excellent adsorbents to remove CTC from
environment water samples (especially for surface water).

3.7. Regeneration of Fe304 MNPs

The regeneration tests showed that neither acid (pH 3.5) nor
alkaline (pH 10) solution could elute the adsorbed CTC efficiently
from Fe304 MNPs. In EDTA-Mcilvaine solution, though CTC could
be recovered, the Fe;04 nanoparticles were dissolved into the solu-
tion completely. After calcination or Hy0, oxidation treatment of
Fe304 MNPs with adsorbed CTC, the solid was also dissolved by

1004
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Fig. 3. The adsorption of CTC on Fe304 MNPs in different water samples. 11, E1,
12 and E2 represents the influent and effluent water in different sewage treatment
plants; T, D, and S represents tap water, deionized water, and seawater, respectively.
Csorbent =0.05gL~1; pH=6.5; T=298 K; Ccrc=5mgL-1.

EDTA-Mcilvaine solution to detect the residual CTC. As a result, no
CTC was detected after heat treatment, and the C element could not
be found on the surface of calcined Fe304 (Table S2), indicating the
complete removal of CTC from Fe30,4 surface. After treatment with
H;0-, less than 2% of residual CTC was detected in EDTA-Mcilvaine
solution, and the C element content was about 8% on the surface
of H,0,-Fe304. The efficiency of CTC removal by the regenerated
adsorbents was also studied (Fig. S3). The maximum adsorption
capacity of CTC was 476 mgg~1, 769mgg-! and 588 mgg~! on
Fe304 MNPs, calcined Fe304 MNPs and H,0,-Fe304 MNPs, respec-
tively. The increased adsorption of CTC onto the regenerated Fe304
might be caused by the possible transformation between the Fe(II)
and Fe(III) species on Fe304 surface during the calcination in N,
atmosphere or H, 0, oxidation treatment, and Fe(III) should possess
stronger tendency to form complex with CTC than Fe(Il). However,
the crystal structure (Fig. S4), particle size (Fig. S5) and physical
properties were kept unchanged (Table S2), suggesting that the
change of Fe304 MNPs surface was negligible during the regen-
eration process. These results indicated that Fe304 MNPs could be
successfully regenerated through these two methods.

3.8. Surface complexation

To confirm the complexation of CTC with Fe304 surface, 10 mM
EDTA, an excellent chelating agent with multivalent ions, was
added into the reaction solution. Consequently, the adsorption
capacity of CTC on Fe304 was decreased by 50% due to the chelation
between EDTA and Fe species on Fe304 surface. XPS measurements
were carried out to study the chemical state of Fe on Fe304 surface
before and after CTC adsorption. The XPS spectra of Fe 2p3, was
composed of overlapped peaks of Fe(Il) and Fe(IIl). Compared with
bare Fe3 04, the peak of the Fe 2ps), spectra had shifted to more neg-
ative binding energy after adsorption of CTC, and the shift degree
for Fe(II) and Fe(Ill) was —0.13 eV and —0.11 eV, respectively (Fig. 4).
The decrease of the binding energy of iron indicated the increase of
their electron density, resulting from the formation of Fe-O bonds
through complexation between CTC and Fe atoms.

Schmitt and Schneider [11] reported that the binding constants
of metal/CTC complexes determined from spectroscopic investi-
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Fig. 4. The XPS of Fe 2p3/2 peaks of Fe304 nanoparticles before (a) and after (b) CTC
adsorption.

gations refer to the consecutive formation of a 1:1 and a 2:1
MZ2*-TC complex in aqueous solution. According to the two-step
adsorption kinetics shape and low Langmuir monolayer adsorp-
tion density of CTC on iron oxide-coated quartz, Tanis et al. [15]
suggested that the 1:1 type Fe-CTC complexes was transmitted to
2:1 type at equilibrium. In this study, the adsorbed density of CTC
on Fe304 MNPs was calculated using the surface area of Fe304 and
the molecular weight of CTC. In neutral solution (pH 6.5) at 25°C,
the Langmuir monolayer adsorption capacity was 4.7 CTC per nm?
(7.8 wmol (m?2)~1) (Table 2), which was ten times larger than that
obtained on iron oxide-coated quartz (0.7 wmol (m?)~1). The sur-
face density of hydroxyl groups on Fe3O4 (particle size 9 nm, surface
area 123 m2 g-1) was found to be 8.5 OH per nm? [30]. Since the
density of OH groups was in the order of the density of Fe atoms
exposed on the regular Fe304(1 1 1) surface [31], we hypothesized
that density of Fe(Il) + Fe(Ill) was approximately equal to 8.5 Fe/nm?
(Table 1). Considering the fast adsorption dynamic of CTC and the
steric effect among CTC on Fe304 surface, we proposed that the 1:1
type Fe-CTC complexes were dominantly formed.

The adsorption of tetracycline (TC), oxytetracycline (OTC),
quinolones (ofloxacin) and sulfonamides (sulfathiazole) on Fe304
MNPs were also investigated. As a result, both TC and OTC had
strong adsorption ability to Fe304 MNPs. Under the optimal con-
ditions, the maximum adsorption capacities of TC and OTC on
Fe304 MNPs were 500mgg~! and 526 mg g1, respectively and the
adsorption equilibrium was achieved at 720 min (Fig. S6). However,
ofloxacin and sulfathiazole showed weak affinity to Fe304 MNPs
and the adsorption capacity was less than 10mgg~! in the whole

pH range (Fig. S7). These results suggest the possibility of selective
removal of TCs from aqueous media by using Fe304 MNPs.

4. Conclusions

The adsorption of chlorotetracycline on Fe304 MNPs was
studied. CTC adsorption reached equilibrium within 10h and
the adsorption kinetics fitted well to the pseudo-second-order
model equation. The optimal adsorption of CTC was observed
at pH 6.5, and the maximal Langmuir adsorption capacity was
476 mgg~! (7.8 umol (m2)~1). The adsorption of CTC was insignifi-
cantly affected by ions strength and low concentration of coexisting
Ca?* and Mg?*. The effect of HA on CTC adsorption was found
to be concentration-dependent. Fe304 MNPs remained excellent
adsorption ability to CTC in several environmental water samples
and were regenerated by calcination at 400 °C under N, protection
or treatment with H,0,. The regenerated Fe304 MNPs possessed
higher adsorption affinity to CTC than the original Fe304. Surface
complexation of CTC with Fe;04 was confirmed by the compet-
ing adsorption of EDTA and XPS spectra of adsorbent. Anyway, the
results presented here suggested the potential of Fe304 MNPs as an
efficient material to remove TCs selectively from water samples.
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