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ABSTRACT

In this study, chitosan (CHT)-based nanoparticles loaded with iron oxide (Fe,O,) nanoparticles were
gained magnetic properties. The coating of CHT onto the iron oxide nanoparticles was confirmed by
Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA) and differential
scanning calorimetry analysis (DSC). The effects of the initial pH value of tetracycline solution, the
amount of CHT-Fe,O, nanoparticles, the initial concentration of tetracycline solution on the removal
of tetracycline by CHT MNPs were investigated in batch reactors operated at 25°C. The maximum
amount of adsorbed tetracycline per unit weight of CHT MNPs at equilibrium and adsorption effi-
ciency obtained at 50 mg/L initial tetracycline concentration, at pH 5.0 and at 0.5 g/L. CHT MNPs
concentration was found to be 78.11 mg/g and 78.8 %, respectively. The equilibrium adsorption of
tetracycline by CHT MNPs was represented by the Langmuir and Freundlich adsorption models.
The adsorption kinetics of tetracycline on CHT MNPs was represented better by the pseudo-sec-
ond-order rate equation than by Lagergren pseudo-first order rate equation.
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1. Introduction

Tetracyclines (C,,H,,N,O,) are the second most widely
used antibiotics in the world to prevent and treat a range
of infectious diseases due to broad-spectrum antibacte-
rial activity in human and veterinary medicine. Chlor-
tetracycline and oxytetracycline are commonly used in
animal feed as growth promoters and prophylactics. Sig-
nificant fractions of pharmaceutically active compounds
are excreted in their unmetabolised form and their resi-
dues left in the environment, which are potentially toxic
to aquatic organisms and human health through the food
chain and drinking water. These bioactive compounds
accumulated in the soil, surface water and ground water
may promote the development and spread of antibiotic
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resistant genes among bacterial populations or induce
biological responses in nontarget organisms due to pro-
longed exposures to low-level antibiotics [1,2]. Conse-
quently, the removal of tetracyclines from waste waters
is of great significance. Ozonation, photo-Fenton process,
photoelectrocatalytic degredation, and adsorption have
been used for the removal of tetracycline from water.
Among these methods, adsorption is considered as one
of the most effective techniques, due to simple reactor
design, easy operation conditions, high treatment effi-
ciency, and low cost [3-6].

The use of adsorbents composed of natural polymers
obtained from algal or fungal cells and shellfish has
attracted significant interest, and polysaccharides such
as chitin and chitosan and its derivatives have received
particular attention [7]. Chitin is a linear homopolymer
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composed of B-(1-4)-linked N-acetyl-D-glucosamine
residues and is the main component of the exoskeleton
of crustaceans, the fungal cell walls. CHT, obtained by
alkaline deacetylation of chitin, is composed of ran-
domly distributed B-(1-4)-linked D-glucosamine and
N-acetyl-D-glucosamine [8,9]. CHT also shows excel-
lent properties, such as low toxicity, low immunogenic-
ity, superior biodegradability, biocompatibility [10]. In
addition, CHT is an unmatched cationic polymer with
gel-and film forming properties that readily forms poly-
electrolyte complexes with negatively charged entities
[11]. The chelating properties of CHT and derivatives can
be attributed to the presence of a large number of func-
tional groups (e.g., acetamido, primary amino, and/or
hydroxyl groups) that are capable of coordinating with
different contaminants [12].

After adsorption, it can be difficult or expensive to
separate nanochitosan-based adsorbents from the aque-
ous solution using conventional separation techniques
such as filtration and sedimentation. To overcome the
problems related to the difficulty of separation and
regeneration of nano-adsorbents, recent research has
been focused on magnetic separation technology [13].
Magnetic nanoparticles, magnetite (Fe,O,), its oxidized
form maghemite (y-Fe,O,), have recently drawn consider-
able attention in potential applications such as magnetic
separation, biosensors and drug delivery. Although Co
(Co,0,, or CoFe,O, form) and Ni are also highly magnetic
materials, they are toxic and easily oxidized [5]. Mag-
netic nanoparticles with the aid of magnetic force can be
separated from the water efficiently regardless of their
nano-size [14]. As magnetite (Fe,O,) shows high disper-
sion stability, excellent biocompatibility, high magnetic
susceptibility, and chemical stability, it has been widely
used as magnetic material [15]. To synthesize magnetic
nanoparticles, different methods such as microemulsion,
precipitation, laser pyrolysis, sol-gel, thermal decompo-
sition methods are used [16]. In chemical precipitation
method, nanoparticles are generally obtained by addi-
tion of a base into aqueous solution of Fe(II) and Fe(III)
salts [17-18]. The chemical reaction of Fe,O, precipitation
is given by the following equation [19,20],

2Fe* + Fe* + 80OH" < 2Fe(OH), (s) + Fe(OH), (s) —
Fe,O, (s) + 4H,0

The CHT-coated MNPs are synthesized by coating
method which is alkaline coprecipitation of Fe(II) and
Fe(IlI) precursors in aqueous solutions of hydrophilic
CHT polymers. The encapsulation of preformed iron
oxide nanoparticles are stabilized by crosslinking CHT
with tripolyphosphate (TPP) salts. The amino groups
on the CHT particle become protonated in an acidic
environment. With respect to mechanism proposed by
Unsoy et al. [21], CHT is able to interact with negatively
charged molecules, such as the hydroxyl (Fe-OH) groups
on the surface of magnetite nanoparticles. The hydro-
philic Fe,O, cores precipitate by forming nuclei and rap-
idly adsorb well-dissolved CHT polymers [22]. When
cationic CHT molecules are adsorbed onto the surface
of anionic MNPs with electrostatic interactions, TPP, a

polyvalent anion with three negatively charged phos-
phate groups, is added to the medium for ionic cross-
linking of the CHT molecules with each other [23]. The
addition of TPP cross-links the adsorbed CHT molecules
to each other through the ionic interactions between the
positively charged amino groups of CHT and negatively
charged TPP [24]. To stabilize each distinct nanoparti-
cle, uniform layers of CHT polymers were combined by
physical cross-linking induced by electrostatic interac-
tion on Fe,O, cores [21,25-27].

Oladoja et al. synthesized a novel magnetic, macro-re-
ticulated cross-linked chitosan (MRC) for the removal of
tetracycline from water. Gastropod shells, a source of
biogenic waste are used as the pore-forming agent, and
magnetide as the magnetic-inducing particle. To decrease
solubility of CHT in acidic media, CHT was modified
by inserting crosslinks and glutaraldhyde was used as
cross-linker. The interactions between tetracycline and
the MRC surface was shown to occur via a monolayer
sorption of tetracycline onto heterogeneous surfaces of
varied affinities and chemisorption was reported to be
the dominant mechanism of tetracycline sorption onto
the MRC. The theoretical maximum monolayer sorp-
tion capacity of tetracycline on MRC was recorded to be
20.704 mg/g with respect to the Langmuir model [1]. To
increase the mechanical properties of CHT, nanosized
inorganic materials such as hydroxyapatite, nanoclay
(halloysite nanotube, HLT), carbon nanotubes, titanium
dioxide and graphene are incorporated into CHT [28]. Ma
et al., prepared CHT/HLT-Fe,O, microspheres by emul-
sion cross-linking method. The microspheres showed
good adsorption capacity and regeneration property, no
apparent deterioration at least three repeated cycles in
efficiency and could be easily and rapidly separated from
solution phase with the aid of magnetic force. The adsorp-
tion kinetics of the tetracycline on CHT/HLT-Fe, O, was
better described by the pseudo-second order equation
and chemical process could be the rate-limiting step. It
was also shown that the adsorption capacity of the CHT/
HLT-Fe,O, microspheres increased with the increasing
concentration of tetracycline, and the maximum adsorp-
tion capacity was recorded to be 26.68 mg/g [2].

In this study, CHT-based nanoparticles loaded with iron
oxide (Fe,O,) nanoparticles were gained magnetic proper-
ties. Then tetracycline antibiotic removal from medical
wastewaters using CHT MNPs was investigated.

2. Materials and methods
2.1. Preparation of magnetic CHT nanoparticles

CHT coated magnetic iron oxide nanoparticles were
synthesized by the precipitation of Fe(II) and Fe(Ill) salts
in the presence of CHT and tripolyphosphate (TPP) mol-
ecules [21,29]. CHT was dissolved in 1% acetic acid, and
the pH was adjusted to 4.8 by NaOH. Iron salts (1.34 g of
FeCl,-4H,O and 3.40 g of FeCl,-6H,O) were dissolved in
0.5% CHT solution. TPP and NH,OH were added to the
solution and the mixture was stirred vigorously at 2500
rpm. The colloidal CHT coated magnetic Fe,O, nanoparti-
cles were stirred for 1 h, then washed with deionized water
and separated by magnetic decantation for several times.
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2.2. Characterization of CHT MINPs

FTIR spectra of CHT, Fe,O, nanoparticles and CHT
MNPs were recorded on a Thermo Scientific Nicolet 6700
FTIR with 4 cm™ resolution in the range of 4000-525 cm™
using ATR. The obtained spectra was an average of 32 scans.

Samples of blank CHT, Fe,O, nanoparticles and CHT
MNPs were freeze-dried before undergoing thermogravi-
metric analysis. TGA and DSC analyses were carried out
for powder samples under N, gas flow rate of 200 cm® min™
using a SII EXSTAR 6000 TG/DTA 6300 TGA and Perkin
Elmer Diamond DSC. In TGA, samples weighing 5 mg were
heated from 30°C to 700°C at a heating rate of 10°C min™ in
N,. In DSC, samples were heated from 0°C to 500°C.

The size distribution of the CHT MNPs was measured
by a Malvern zetasizer model Nano Z5-90 (Malvern Instru-
ments Ltd., UK). Dynamic light scattering was performed
by the zetasizer to measure the size. The Z-average diam-
eter of CHT MNPs was detected to be 803.7 nm. Synthe-
sized CHT MNPs particles usually have broad and partially
non-uniform size distribution.

2.3. Tetracycline adsorption experiments

The tetracycline adsorption experiments by CHT MNPs
were performed on a temperature-controlled orbital incu-
bator shaker set at 150 rpm maintained at 25°C for 48 h. The
effects of the initial pH value of tetracycline solution, the
amount of CHT MNPs, the initial concentration of tetracy-
cline solution on the removal of tetracycline by CHT MNPs
were investigated. The pH of the adsorption medium was
initially adjusted the required value using either HCI or
NaOH (1, 0.1 or 0.01 M solutions). The values of parameters
which will be investigated the effect on adsorption, eg., pH
was changed between 2.0-9.0, initial tetracycline concentra-
tion between 5-50 mg/L, amount of nanoparticle between
0.5-2.0 g/L. A certain amount of CHT MNPs was mixed
with 100 mL of respective tetracycline solutions, whose
concentration and initial pH were previously adjusted.
Before mixing the CHT MNPs with the tetracycline-bearing
solution, samples were taken from the sorption media. Sub-
sequently, samples were taken at 2-5 min intervals at the
beginning of sorption and at 15-30-60 min intervals before
adsorption equilibrium was reached. After the tetracycline
adsorption, the CHT MNPs were separated rapidly from
the adsorption medium by magnetic decantation. The tet-
racycline adsorption efficiency was determined by measur-
ing the amount of tetracycline remained in the supernatant
with a UV spectrophotometer at 360 nm.

3. Results and discussion

In this study, the method of coprecipitation of iron salts
in the presence of CHT and TPP was applied. The CHT
MNPs were characterized by FTIR, TGA and DSC and then
were used as adsorbents for the removal of tetracycline
from aqueous solution. The effects of pH, adsorbent dosage,
initial concentration of tetracycline and contact time on tet-
racycline adsorption on CHT MNPs were investigated. The
adsorption kinetics and equilibrium of tetracycline on CHT
MNPs were represented by pseudo-first and second-order
equations and adsorption isotherms.

3.1. Fourier transform infrared spectroscopy (FTIR)

FTIR is extensively used analytical method for obtain-
ing information about the availability of certain functional
groups in the structure of the CHT MNPs and for measur-
ing the binding mechanism of inorganic or organic con-
taminants. FTIR spectra of CHT included the following
peaks : 3354 cm™ for O-H bond stretching and N-H bond
stretching, 2889 cm™ for C-H, 1150 cm™ for C-N strech and
1024 cm™ for C-OH bond stretching. CHT MNPs showed
the following peaks: ~3124 cm™ due to amine N-H stretch-
ing vibration and -OH moieties in the chitosan, ~1594 cm™!
due to N-H scissoring from the primary amine because of
free amino groups in the crosslinked chitosan, 1029 cm™ for
C-N, and ~585 cm™ for the Fe-O group due to pure Fe,O,
(Fig. 1).

Fourier transform infrared spectroscopy (FTIR) is
used to explain the chemical composition of synthesized
nanoparticles. The presence of Fe,O, core was specified by
the strong stretching absorption band at 572 cm™, which
corresponded to the Fe-O bond (MNP). In the CHT-coated
nanoparticle’s spectra, the peak observed in the 585 cm™
region verified that the CHT nanoparticle contain magne-
tite (CHT MNP). In the IR spectrum of CHT, the band at
1589 cm™ was detected to NH, group bend scissoring and
the peak at 1375 cm™ to OH bending of primary alcoholic
group. In both CHT and CHT coated magnetic nanoparti-
cle’s spectra, the peaks around 1589 + 5 cm™, identified the
NH, group bend scissoring, were obtained. It was demon-
strated that magnetite nanoparticles were successfully
coated by CHT biopolymer. Briefly, in the spectrum of CHT
MNP, the 1589 cm™ peak of NH, group bend scissoring in
CHT was shifted to 1594 cm™, and a new sharp peak at 585
cm™ indicating the Fe-O bond was come in sight. All char-
acteristic peaks of CHT and magnetite were observed in the
spectrum of CHT MNP and these peaks were also verified
with the related literatiire [16,21,25,27].

3.2. Thermal gravimetric analysis (TGA) and differential scan-
ning calorimetry analysis (DSC)

Thermogravimetry has proven to be powerful ana-
lytical techniques that monitor the physical and chemical
changes that take place during the heating of CHT MNPs
and allow for a determination of chemical structure and
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Fig. 1. FTIR spectra of (a) the naked Fe,O,, (b) CHT, and (c)
Fe,O,-CHT nanoparticles.
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composition. Thermal degradation studies are used for
predicting the relative amounts of CHT and Fe,O, in CHT
MNPs. The qualitative and quantitative information
about the volatile components of the magnetite and CHT
MNPs were ensured via TGA analysis. The weight loss
of uncovered MNPs over the temperature range from 30
to 800°C was about 1.9% (Fig. 2). This weight loss was
due to the loss of residual water in the magnetite sam-
ple. For magnetic iron oxide nanoparticles, a significant,
sharp peak was not observed in the DSC curve (Fig. 3).
The CHT and CHT MNPs gave their specific TGA curves,
which can ensure markers of the content of CHT bio-
polymers. The weight loss of Fe,O, coated with CHT was
small below 300°C because of the removal of absorbed
physical and chemical water. When the temperature was
raised to higher than 500°C, the weight loss was signifi-
cant because CHT was degraded. Significant weight loss
from 500°C to 700°C was not observed, implying the pres-
ence of only iron oxide within the temperature range. The
amount of CHT bound on magnetite was calculated from
the percentage weight loss in the TGA curve. The average
mass content of CHT in MNPs by TGA was found to be
about 36.2%. The thermochemical behavior defined by
the TGA curve was consistent with that indicated by the
DSC curve. However, the decomposition thermograms
for CHT and CHT MNPs can vary between studies, rec-
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Fig. 2. Thermogravimetric analysis (TGA) of (a) the naked Fe,O,,
(b) CHT, and (c) Fe,O,-CHT nanoparticles.
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Fig. 3. Differential scanning calorimetry analysis (DSC) of (a)
the naked Fe,O,, (b) CHT, and (c) Fe,O,-CHT nanoparticles.
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ommending that the inlet of Fe,O, nanoparticles into the
complex reduces crystallization.

3.3.Effect of pH on tetracycline adsorption on CHT MNPs

The variation in pH can not only affect the protona-
tion-deprotonation transition of functional groups on CHT
MNPs, but also can result in different charges on different
sites of tetracyclines depending on solution pH. The pK ,
pK,,, pK , values of tetracycline are 3.30, 7.70, and 9.70,
respectively. In this study, the effect of pH on the adsorption
capacity of CHT MNPs was investigated at pH 3.0, 5.0, 7.0
and 8.5 depending on surface charge of magnetic nanopar-
ticles and pK_ values of tetracycline. When solution pH is
below 3.3, tetracycline exists in solution as a cation (TCH;),
due to the protonation of dimethyl-ammonium group. At
pH between 3.3 and 7.7, tetracycline presents as a zwitte-
rion (TCH}), due to the loss of a proton from the phenolic
diketone moiety. At solution pH greater than 7.7, tetracy-
cline becomes as anion (TCH~ or TC*) due to the loss of
protons from the tri-carbonyl system and phenolic diketone
moiety. When pH of the tetracycline solution is between
pK,, and pK ,, tetracycline is an amphoteric ion, nearly all of
tetracycline molecules does not carry net electrical charge.
On the other hand, the pK_ of CHT nanoparticles is around
6.20, below pH 5.0 almost 90% of active sites are proton-
ated [4]. For that reason the adsorption capacity of CHT
nanoparticles decreased when the solution pH decreased
from 5.0 to 3.0. A bell-shaped pH dependence with high-
est equilibrium tetracycline adsorption capacity around pH
5.0 was observed (Fig. 4). As pH increases from 5.0 to 8.5,
the dominant species of tetracycline changed from being
neutral or zwitterionic to negatively charged. Electrostatic
repulsion between similar charges of tetracycline and CHT
MNPs was greater at either lower pH (positive-positive
repulsion) or higher pH (negative-negative repulsion), thus
creating a maximum electrostatic attraction at the interme-
diate pH range. The adsorption equilibrium between the
amount of tetracycline adsorbed per unit weight of CHT
MNPs and tetracycline unadsorbed concentration in solu-
tion was established at the end of 24 h, and the release of
tetracycline from CHT MNPs was not observed during this
time. The maximum amount of tetracycline adsorbed per
unit weight of CHT MNPs and adsorption efficiency at pH
5.0, at 20 mg/L initial tetracycline concentration and at 0.5
g/L adsorbent dosage was found as 36.77 mg/g and 85.6%,
respectively. The amount of tetracycline adsorbed per unit
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Fig. 4. Change of the amount of tetracycline adsorbed per unit
weight of CHT MNPs at equilibrium with pH.
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weight of CHT MNPs and adsorption efficiency at pH 3.0
decreased to 20.37 mg/g and 50.6%, respectively.

3.4. Effect of adsorbent dosage on tetracycline adsorption on
CHT MNPs

When the dosage of CHT MNPs was increased from
0.5g/Lto 2.0 g/L, the amount of tetracycline adsorbed per
unit weight of CHT MNPs decreased (Fig. 5). The decrease
in q with increase in adsorbent dosage is due to complex
interactions of several factors, there may be three main
reasons. Firstly, this may be attributed to the tendency for
CHT MNPs aggregates to form at higher adsorbent dosage,
resulting in a decrease in active adsorption area. Secondly,
the rate of adsorption is reduced at high sorbent concentra-
tions, and hence more time is needed to reach equilibrium.
Finally, the extent of desorption of adsorbed tetracycline
from CHT MNPs will increase with increase in sorbent con-
centration, as a result of collision of sorbent nanoparticles,
and the potential of multilayer adsorption will be reduced.

3.5. Effect of initial concentration of tetracycline and contact
time on tetracycline adsorption on CHT MNPs

The effects of initial concentration of tetracycline and
contact time on the adsorption capacity of tetracycline by
CHT MNPs at 0.5 g/L adsorbent dosage and at pH 5.0 are
shown in Fig. 6. The tetracycline adsorption capacity of CHT
MNPs increased rapidly with the increasing contact time
from 0 to 15 min. More than 80% of equilibrium tetracycline
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Fig. 5. Change of the amount of tetracycline adsorbed per unit
weight of CHT MNPs at equilibrium with adsorbent dosage.

S0

80 "
70 *10mg/L

_ 60 W20 mg/L

']

g 0 30 mg/L

E

£ 40 =

= <40 mg/L
10 mg/|
20 o | Fsomen
10
0

I
a 50 100 150 1400

t(min)
Fig. 6. Change of the amount of tetracycline adsorbed per

unit weight of CHT MNPs with time and initial tetracycline
concentration.

adsorption capacity of CHT MNPs was reached within
150 min. After 24 h, the tetracycline adsorption capacity of
CHT MNPs remained constant and the adsorption equilib-
rium between the amount of tetracycline adsorbed per unit
weight of CHT MNPs and tetracycline unadsorbed concen-
tration in solution was established. Rapid increase in tetra-
cycline adsorption capacity of CHT MNPs within 15 min
can be ascribed to availability of more adsorption sites ini-
tially. After first 15 min, available adsorption sites of CHT
MNPs were gradually filled by tetracycline molecules, then
adsorption rate slowed down. To reach adsorption equilib-
rium absolutely, all adsorption experiments were carried
out for 24 h.

When the initial concentration of tetracycline increased
from 10 to 50 mg/L, the amount of tetracycline adsorbed
per unit weight of CHT MNPs enhanced from 19.16 to 78.11
mg/g. This can be attributed to the fact that increases in
the tetracycline concentration result in a large difference in
concentration between CHT MNPs surface and tetracycline
solution or a strong mass transfer driving force and further
uptake of the tetracycline in the solution. The higher initial
tetracycline concentration improves contact opportunity
between CHT MNPs and tetracycline molecules, conse-
quently adsorption rate and capacity rises. When the ini-
tial concentration of tetracycline was increased from 10 to
50 mg/L, the adsorption efficiency slightly decreased from
90.5 to 78.8 % at pH 5.0 (Fig. 7).

3.6. Adsorption isotherms of tetracycline adsorption on CHT
MNPs

In order to optimize the design of an adsorption system
to remove pollutants from wastewaters, it is important to
define the most appropriate correlation for the equilibrium
curve. The equilibrium adsorption isotherms are depicted
by plotting the concentration of the tetracycline in the solid
phase versus that in the liquid phase (Fig. 8). Comparing
pH isotherms shows that well-adsorbed tetracycline has a
increasing slope and was located in the upper surface con-
centration g, values, i.e. tetracycline adsorption at pH 5.0.

The adsorption equilibrium data were analyzed using
the Langmuir and Freundlich models. The Langmuir model
assumes that all sites are energetically equivalent [30].

Geg = OH @
? 1+KC,
1
0,75
g
%
>
0,5
0,25
4] 10 20 30 40 50 60

Crei(mg/L)

Fig. 7. Change of tetracycline adsorption efficiency with initial
tetracycline concentration.
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Fig. 8. Adsorption isotherms of tetracycline on CHT MNPs at
different pH values.

where g, (mg/g) is the amount of adsorbate per unit weight
of adsorbent in equilibrium with a solution concentration,
C,,(mg/L).

" The Freundlich model assumes a logarithmic decrease
in the heat of sorption with the fraction of surface covered
by the sorbed solute [31]:

q,=K.C" )

The Freundlich isotherm model adequately fitted the
equilibrium adsorption data of tetracycline on CHT MNPs
both at pH 3.0 and 5.0, however, their adsorption isotherms
were better fitted to the Langmuir equation (Fig. 9). This
means that tetracycline adsorption on CHT MNPs occurs
in accordance with the Langmuir assumptions. The tetra-
cycline adsorption takes place at specific sites within the
CHT MNPs. The CHT MNPs have a finite capacity for the
tetracycline with monolayer adsorption. The tetracycline
adsorption shows saturation kinetics, a saturation point
at equilibrium is reached where no further adsorption can
occur. The CHT MNPs are structurally homogeneous, so all
sites are identical and energetically equivalent and a tetra-
cycline molecule occupies a site and does not affect another
tetracycline molecule trying to hold on to the surface. Rel-
evant adsorption parameters were calculated according to
both the Freundlich and Langmuir models at pH 3.0 and
pH 5.0. The intercept of the Langmuir isotherm Q° is the
amount of adsorbate per unit weight of adsorbent to form a
complete monolayer on the surface (Table 1). Q° represents

0.09
= 0.06
E
W [ |
o
= 0.03 * *pHS
MpH3
0
0 0.25 0.5 0.75 1 1.25

1/Ceq(L/mg)

Fig. 9. Langmuir adsorption isotherms for the tetracycline
adsorption on CHT MNPs at different pH values.

Table 1
Langmuir adsorption constants for the tetracycline adsorption
on CHT MNPs at different pH values

pH a(L-g") b([L-mg’)  q,(mgg’) R
3.0 6.146 0.135 45.662 0912
5.0 23.868 0.253 94.340 0.980

the adsorption capacity when the surface of CHT MNPs is
saturated with tetracycline. In other words, Q° is the max-
imum value of q,, tetracycline adsorption on CHT MNPs
is by a monolayer type of adsorption in which the surfaces
of nanoparticles are not saturated. The Langmuir constant
K is a constant relate to the energy of adsorption. A large
value of K also implies strong bonding. The larger the value
of K, the greater is the fractional surface coverage at a fixed
temperature and at a fixed value of C,. The highest Q° and
K values were found to be 94.340 (mg/g) and 0.253 (L/mg)
at pH 5.0.

The intercept K, of the Freundlich isotherm is an indi-
cation of adsorption capacity of the adsorbent; the slope
1/n indicates the effect of concentration on the adsorption
capacity and represents the adsorption intensity (Fig. 10).
If adsorption is favorable, then 1/n < 1 or n > 1. The closer
the n value of the Freundlich adsorption equation is to
zero, the more heterogeneous is the system (Table 2). The
higher n values showed that the tetracycline adsorption on
CHT MNPs approaches homogeneous system verifying the
Langmuir assumptions. The highest K, value was found to
be 20.497 mg®-/" g L™ at pH 5.0.

3.7. Kinetic models for tetracycline adsorption on CHT MNPs

The Lagergren—first-order rate equation is the most
popular kinetics equation and generally expressed as fol-
lows [32]:

d
%ﬂﬁ(qe -4, @3)

After integration and applying boundary conditions,
fort=0,g9,=0and t =t, q,= g, the integrated form of Eq. (3)
becomes [33]

log(q. —q,)=logq. —kit )

The adsorption rate constant k, can be determined
experimentally by plotting log (g, — g,) vs. t (Fig. 11). The
experimental kinetic data of tetracycline adsorption on
CHT MNPs deviated considerably from the theoretical data
of the pseudo-first order model. The parameter ¢, ,  val-
ues found from the intercept of a plot of log (g, " q) vs t
also deviated substantially o (Table 3). As chemisorption
tends to become unmeasurably slow, the amount adsorbed
is still significantly lower than the amount adsorbed at
equilibrium. One suggestion for the differences in experi-
mental and theoretical g, values is that there is a time lag,
possibly due to a boundary layer or external mass transfer
resistance controlling at the beginning of the adsorption
[34]. The pseudo-first order adsorption rate expression of
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Fig. 10. Freundlich adsorption isotherms for the tetracycline
adsorption on CHT MNPs at different pH values.

Table 2
Freundlich adsorption constants for the tetracycline adsorption
on CHT MNPs at different pH values

PH K, 1/n n R?
(mg(m/n) gfl L™

3.0 7478 0.513 1.949 0.930

5.0 20.497 0.547 1.828 0.940

* 10 mg/L
m20mgfL
- g4 -— o/
& (& » —— ——
T \g\ ] — —2
z 1 ~ - 30 mg/L
¥ — =
T~ 40 mg/L
0.5 * T~
~_* ¥ 50 mg/L
0
0 30 60 90 120 150 180 210
t [min]

Fig. 11. Lagergren first order adsorption kinetics of tetracycline
on CHT MNPs at various initial concentrations.

Table 3
Change of the Lagergren-first order rate constants with initial
tetracycline concentrations

G Tegexp. Geq theo. Error ky R?
(mg/L) (mg/g) (mg/g) (%) (1/min)

10 19160 14955 2195  1.82x102 0.881
20 36766 23367 3644  714x10°  0.807
30 51401 34300 3327  599x10° 0765
40 61483 48809 2061  507x10° 0915
50 78112 54113 3072  530x10° 0790

Lagergren does not fit well the experimental data for the
whole range of contact time and the plots are only linear
at the beginning of adsorption (approximately the first 30
min). The Lagergren equation appeared to characterize the
adsorption of tetracycline on CHT MNPs over 120-180 min.

If the rate of adsorption is a second order mechanism,
the pseudo-second order desorption rate equation is given
as [35]

dg,
d—z =k,(q.~q.) )

After definite integration by applying the conditions g,
=0att=0andg,=g,att=t, Eq. (5) becomes

t 1 t
_ t 6
5 kdta ©

The values of kinetic constants, k, and q, can be cal-
culated from the plot of t/g, against t (Fig. 12). The
pseudo-second order kinetic model, in contrast to the
pseudo-first order model, provided a good correlation for
the tetracycline adsorption on CHT MNPs. As also seen
from Table 4, the pseudo-second order rate constant value,
k,, was highly dependent on the initial tetracycline con-
centration. When the initial tetracycline concentrations are
increased, the time necessary to attain an adsorption equi-
librium prolongs. For that reason, k, is expected to decrease
with the increasing initial drug dosage, the longer time is
required [36]. The pseudo-second order kinetic model is
based on the assumption that the rate limiting-step may be
chemisorption. The second-order models generally used
to define chemical and physical nonequilibrium are the
two-site or bicontinuum models. These models suppose

12
* 10 mg/L
?
20mg/L
?P g/
c
E. 30 mg/L
..g 40 mg/L
50 mg/L

0 30 60 90 120 150 180 210 240
t [min]

Fig. 12. Pseudo second order adsorption kinetics of tetracycline
on CHT MNPs at various initial concentrations.

Table 4
Change of the pseudo-second order rate constants with initial
tetracycline concentrations

C, k, R?
(mg/L) (g/mg-min)

10 3.25x 107 0.982
20 461 x 107 0.995
30 3.54x 107 0.996
40 1.52x 102 0.963
50 219 x1073 0.990
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that two reactions are occurring either in series or in par-
allel. First reaction is rapid, reaches equilibrium quickly,
and generally called as physical adsorption. The second is
a slower reaction that can continue for long time periods,
and generally named as chemisorption. As g, and k, can be
determined from the slope and intercept of the linear form
of the pseudo-second order rate equation, contrary to the
Lagergren rate expression there is no need to know any
parameter beforehand.

4. Conclusion

A magnetically responsive iron oxide nanoparticle sys-
tem coated by CHT nanoparticles was successfully devel-
oped for tetracycline removal from medical wastewaters.
The binding of CHT to the MNPs was demonstrated by the
measurement of FTIR, TGA and DSC. TGA results indicated
that the CHT content of CHT MNPs was determined as
36.2% by weight. Maximum tetracycline adsorption capac-
ity and efficiency by CHT MNPs was obtained at 50 mg/L
initial tetracycline concentration, 0.5 g/L adsorbent dos-
age and at pH 5.0, and found to be 78.11 mg/g and 78.8%,
respectively. The adsorption kinetics of tetracycline on CHT
MNPs was better described by the pseudo-second-order
rate expression, and their adsorption isotherms were better
fitted to the Langmuir model. The CHT MNPs developed
in this study had high tetracycline adsorption capacity and
could be easily and rapidly separated from solution phase
with the aid of magnetic force.
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