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Abstract

Agarose-coated Fe;0,/Si0, magnetic nanoparticles (Fe;0,@Si0,@ Agarose) modi-
fied with sodium dodecyl sulfate (SDS) were synthesized for adsorption/desorption
of cationic drugs applications. For this purpose, magnetic nanoparticles (MNPs) of
Fe;O, were synthesized via a chemical precipitation method and the MNPs were
homogeneously included into a silica shell using a modified Stober process. The sur-
face of the core—shell Fe;0,@Si0O, nanoparticles was then modified with SDS and
covered with an extra outer shell of agarose. The particles were characterized by
X-ray diffraction, scanning electron microscopy, energy-dispersive X-ray analysis,
Fourier transform infrared spectroscopy and vibrating-sample magnetometer, dif-
ferential scanning calorimetry, dynamic light scattering and zeta potential measure-
ments. The applicability of the synthesized nanocomposite for the adsorption/des-
orption of phenazopyridine (PHP) as a cationic drug model from aqueous solutions
was investigated. The effects of different parameters on the adsorption efficiency of
PHP such as volume of sample, amount of adsorbent, pH of solution, and contact
time were optimized by a central composite design (response surface) method, and
effect of volume and type of eluent and desorption time was studied by a one-at-a-
time procedure. Under the optimized conditions, a capacity of 41 mg g~! of PHP
was obtained for the sorbent with an adsorption efficiency of 92.6% (£1.5) for 6
replicates. The adsorption isotherms were also studied for the sorbent, and the Fre-
undlich model was found to be more applicable than the Langmuir model in inter-
preting PHP adsorption on the nanocomposite.
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Introduction

Polymer nanocomposites containing magnetic iron oxide nanoparticles have
attracted considerable attention in recent years. An important reason may be the
fact that they often get the desirable characteristics of both organic and inorganic
compounds [1-3]. These hybrid materials which contain Fe;O, magnetic nanopar-
ticles (MNPs) are widely used in biomedical and diagnostic fields [4]. The main
advantage of these magnetic nanocomposites is their easy separation by an external
magnetic field. Despite the magnetic properties of Fe;O, nanoparticles, they need to
be coated by different materials to provide conservation against degradation, better
biocompatibility and easy surface functionalization. Therefore, providing a suitable
coating for iron oxide nanoparticles is essential [5—7]. Many materials have been
investigated for modifying the surface of MNPs such as carbon-bimetals [8], noble
metals [9], chitosan [1, 2] and silica [10]. Among these, silica offers a combination
of properties of biocompatibility, biodegradability and low toxicity. Also, providing
binding sites for organic molecules due to the availability of OH groups on the silica
surface may further increase its biological applications [1, 2, 11].

Agarose, the purified gelling fraction of agar, is a linear biopolymer and consists
of repeating units of alternating b-p- and 3,6-anhydro-a-L-galactopyranosyl groups
[12, 13]. It has many useful properties such as being biodegradabe, nontoxic, chemi-
cally inert, optically transparent, highly hydrophile, eco-friendly, and biocompatible
[14, 15]. Agarose-based adsorbents are well known as excellent support materials
for preconcentration and speciation experiments because of their hydrophilicity and
chemical resistance in a wide pH range of 0-14 [16, 17].

Phenazopyridine hydrochloride (PHP), with the chemical name of 3-(Phe-
nylazo)-2,6—pyridinediamine hydrochloride (Fig. 1), is a urinary tract anti-pain
agent used in oral administrations. It is absorbed in the gastrointestinal region and
is mostly excreted from the urine [18, 19]. It is often consumed in combination with
sulfonamides and antibiotics, and with an antibacterial agent in order to treat urinary
tract infections. In this base, the determination of PHP in biological media, phar-
macy and medicines is of great importance [20].

In this paper, a simple and effective method for the synthesis of sodium dode-
cyl sulfate (SDS) modified agarose-coated Fe;O,@SiO, core/shell nanocomposite is
presented. The Fe;O, nanoparticles synthesized by an easy co-precipitation method
are coated with SiO, via the Stober method and further modified by SDS and coated

Fig. 1 Structure of phenazopyri-
dine monohydrochloride (PHP) NH, .HCI

HoN
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with an outer shell of agarose to prepare the target nanocomposite. Due to the hydro-
philicity and biocompatibility of the polymer-inorganic nanocomposite particles, it
is applied as a novel material for the separation, absorption and desorption of PHP
as a model compound. The factors influencing the extraction efficiency of PHP are
studied using experimental design and response surface methods (RSM).

Materials and methods
Apparatus

UV-visible absorbance spectra were obtained using a Shimadzu 1650PC spectro-
photometer. FT-IR spectra were recorded in the range of 4000400 cm™' by KBr
pellet method using a Shimadzu, model 8400 (Japan) spectrometer in the transmit-
tance mode. X-ray diffraction (XRD) patterns were taken using X-ray diffractometer
(Panalytical X’Pert Pro, Holland) operating with a Cu anode at 40 kV and 30 mA. A
Malvern Zetasizer (ZEN3600, UK) was used for dynamic light scattering (DLS) and
zeta potential measurements. The features of Fe;O,@SiO,@ Agarose were observed
using a field emission scanning electron microscopy (SEM) equipped with energy-
dispersive X-ray analysis (EDX) (FE SEM, TESCAN MIRA3 LMU) under an accel-
erating voltage of 20 kV. The magnetic properties of Fe;0,@SiO,@ Agarose were
characterized with a vibrating-sample magnetometer (VSM MDKFT, Iran) in a field
ranging from —10 to + 10 kOe at room temperature. Differential scanning calorim-
etry (DSC) analysis was carried out with a DSC1 thermal analysis system (Mettler

toledo) under nitrogen atmosphere and a heating rate of 10 °C min™".

Materials

Tetraethyl orthosilicate (TEOS) and (3-aminopropyl) triethoxysilane (APTES) were
purchased from Acros (organic, USA). Iron(II) chloride tetrahydrate (FeCl,-4H,0)
was purchased from VWR international (USA). Agarose (medium electroendosmo-
sis for electrophoresis), SDS, iron (III) chloride anhydrous (FeCl,), ethanol (99.9%),
aqueous ammonia solution (25 wt%) and other chemicals used in the experiments
were obtained from Merck (Darmstadt, Germany) and used without additional puri-
fication. Deionized water was used during the experiments. Stock solution (200 mg
L' of PHP was prepared by dissolving appropriate amount of PHP in deionized
water and further diluted daily prior to use. Phosphate buffer solution (0.02 mol L™})
with different pH values was used to adjust solutions pH.

Synthesis of Fe;0, nanoparticles
Fe;O, nanoparticles were synthesized by co-precipitation method as previously

reported [21]. The co-precipitation overall reaction is described by the following
equation [22]:
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FeCl, + 2FeCl; + 8NH, + 4H,0 — Fe,0, + 8NH,Cl (1

Briefly, 0.324 g FeCl; and 0.198 g FeCl,-4H,0 was dissolved in 50 mL of 5%
acetic acid solution. The mixture of iron salts was deoxygenated by purging argon
and sonicated for 15 min in a thermostated bath at 25 °C. In the next step, this solu-
tion was heated to 80 °C and 6 mL of concentrated solution of NH,OH (25 wt%)
was added to it dropwise. The color of solution was changed from yellowish to
black, and the reaction mixture was kept at 80 °C for 30 min and then stirred for
1.5 h at 90 °C under argon atmosphere. Subsequently, the synthesized Fe;0, nano-
particles were separated by a permanent magnet and washed with deionized water
several times and redispersed to obtain ultrafine magnetic particles.

Preparation of Fe;0,@Si0,

Following the Stober process with some modifications [1], the prepared magnetic
nanoparticles (0.1 g) were dispersed in a mixture of 80 mL ethanol, 16 mL water
and 2 mL ammonia solution (25 wt%). The reaction mixture was sonicated for
15 min in a thermostated bath at 25 °C. Then, TEOS (1 mL) and APTES (0.5 mL)
were added to the reaction solution with stirring at 25 °C for 18 h. Then, the product
was separated and repeatedly washed with ethanol and deionized water.

Synthesis of agarose-coated Fe;0,@Si0,

The above silica-coated nanoparticles were homogenously dispersed in 100 mL
solution containing 2.94 g (0.5 mol L~") NaCl and 720 mg SDS (0.025 mol LY
for 4 h under magnetic stirring. Then, the prepared nanoparticles were washed with
water and the excess SDS in suspension was removed by centrifugating at 6000 rpm
for 15 min. The surface-modified particles were then redispersed in 200 mL of
0.2 mol L™" acetate buffer of pH 3.5. A 1% agarose solution was prepared by dis-
solution of 1.0 g agarose powder in 100 mL boiling water. A volume of 10 mL of
the 1% agarose solution was added to the mixture, and it was stirred for 12 h at
room temperature. The black product was separated by a permanent magnet and
washed three times by a 0.002 mol L™" acetate buffer of pH 3.8 and deionized water.
The obtained nanoparticles had a black color, and their sizes were increased several
times due to a high water uptake that indicate their coating with agarose. The aga-
rose-coated magnetic Fe;0,@Si0, particles were stored in water at 4 °C. Schematic
illustration of the synthesis procedure of the magnetic agarose-coated nanoparticles
is illustrated in Fig. 2.

Adsorption studies

In the present research, a central composite design (CCD) method was used to deter-
mine and optimize the effects of four factors on the adsorption efficiency of PHP.
Volume of sample, amount of adsorbent, pH of solution and contact time were the
four variables included in the design. The low and high levels for each variable were

@ Springer



Polymer Bulletin (2019) 76:1239-1256 1243

‘ TEOS, APTES SDS, NaCl 1% Agarose
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Fe,0, Fe;0,@Si0, Fe;0,@Si0,/SDS Fe,0,@Si0,/SDS@Agarose

Fig.2 Schematic illustration of the synthesis procedure of Fe;0,@SiO,@ Agarose MNPs

defined according to the results of some early trials. The four studied factors and the
five levels designed for each factor by the CCD model are summarized in Table 1.
The percent adsorption of the drug was considered as response function during the
experiments. In all cases, design initiation and statistical analyses were carried out
using the software package, Minitab 16.

Adsorption of PHP from aqueous solutions (10 mg L™") was studied in a batch
system. The pH was adjusted by phosphate buffer solutions (0.02 mol L™!). The
solution was shaken at room temperature for a preset time and the PHP loaded
Fe;0,@8Si0,@ Agarose particles were separated from the mixture with a permanent
magnet within 5 s. The amount of adsorbed PHP was calculated by difference from
the initial PHP concentration and its remaining concentration in the aqueous solu-
tion after adsorption using a UV/visible spectrophotometer at the maximum absorb-
ance—wavelength of PHP (340 nm). Standard solutions of PHP were used for the
calibration. The percent adsorption, i.e., the drug removal efficiency, was calculated
using

%E = [(C,-C,)/C,] @)

in which %E represents the percent adsorption and C, and C, represent the initial
and final (after adsorption) concentrations of PHP (mg L™!), respectively.

For calculation of the adsorption capacity of the adsorbent, its loading in the
presence of different PHP concentrations were measured. For this purpose, 5 mg of
the adsorbent was added to 2.5 mL of PHP solutions at pH 8.3 and with different
concentrations. The residual amount of the drug in solution was determined spectro-
photometrically at 430 nm. The adsorption capacity was calculated from

g=1[(C,~¢C)-V|/M 3)
which ¢ is the amount of analyte adsorbed per unit mass of adsorbent particles
representing the adsorption capacity (mg g™'), C, and C, represent the initial and

Table 1 Studied factors and

levels for the CCD optimization Factor Factors” levels
Low High
pH 7 8 9 10 11
Amount of adsorbent (mL) 0.5 1 1.5 2 2.5
Volume of sample (mL) 2.5 5 7.5 10 12.5
Contact time (min) 2.5 5 7.5 10 12.5
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equilibrium concentrations of PHP (mg L"), V is the volume of the aqueous phase
(mL), and M is the mass of adsorbent (mg).

The effects of volume and type of eluent and desorption time were studied by
a one-at-a-time procedure. Desorption of drug from the adsorbent was investigated
using different kinds of organic solvents (acetonitrile/H,0, ethanol/H,O, methanol/
H,0 and acetonitrile) in different volumes and times.

Results and discussion
Characterization of MNPs

The FT-IR spectra of the products in each step of the nanoparticles synthesis were
recorded to confirm the formation of the expected products. The related spectra are
shown in Fig. 3. The characteristic peak of Fe—O at 570 cm™! as seen in Fe;0, spec-
trum (Fig. 3a) has appeared in the other spectra (Fig. 3b—d) [23]. The bands in the
range of 1200-1000 cm™! in (Fig. 3b—d) assigned to the Si—O covalent bond vibra-
tions confirmed the coating of silica on nanoparticles.

The absorption peaks at 3398 and 1542 cm™! in Fe;0,@SiO, spectrum (Fig. 3b)
attributed to the stretching and bending vibrations of amino groups [11] and
the absorption bands at 2920 and 2852 cm™! in Fig. 3b can be assigned to C-H
groups stretching vibration of the (3-aminopropyl) triethoxysilane (APTES) used to
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Fig.3 FT-IR spectra of a Fe;O,, b Fe;0,@Si0,, ¢ Fe;0,@Si0,@SDS and d Fe;0,@SiO,@Agarose
MNPs

@ Springer



Polymer Bulletin (2019) 76:1239-1256 1245

3
100 4
440
L
c
=
o
© g0 511
220 400
422
0 U 1 I U U U 1
10 20 30 40 50 60 70 80

Position [2Theta]

Fig.4 XRD patterns of Fe;0,@SiO,@Agarose MNPs
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Fig.5 SEM images of a Fe;0,, b Fe;0,@Si0,, and ¢ Fe;0,@Si0, @ Agarose MNPs

synthesize Fe;0,@8Si0, and the same peaks in Fig. 3c, d can be assigned to C-H
groups of SDS and agarose.

The XRD patterns of Fe;O,@SiO,@Agarose MNPs are shown in Fig. 4. The
characteristic peaks at 260 =30.6°, 35.9°, 43.5°, 54.1°, 57.4°, and 63.0° can be
ascribed to crystal planes of (220), (311), (400), (422), (511), and (440) of cubic
Fe;O, (JCPDS 19-0629), respectively. This revealed that Fe;0,@SiO,@ Agarose
nanocomposite did not lead to phase change of Fe;O4, while the broad band at
260 =23°-27° is assigned to amorphous silica [1]. The XRD results indicated that
the Fe;0,@Si0,@ Agarose nanocomposite contains the crystalline phases of cubic
Fe;O, and silica.

The size and morphology of Fe;O,, Fe;0,@SiO, and Fe;0,@Si0,@ Agarose
nanocomposites were evaluated by SEM. As seen in Fig. 5, the average size of
Fe;0,@Si0,@Agarose was within 50-70 nm with a spherical morphology. EDX
analysis and elemental mappings obtained from it were used to measure the atomic
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species and elemental distribution present in Fe;0,@SiO, and Fe;0,@SiO,@Aga-
rose nanocomposites. On the basis of EDX analysis (Table 2), the elements C, O, N,
Si and Fe were detected and as expected, the carbon content of Fe;O,@SiO,@Aga-
rose was higher than that of Fe;0,@SiO, due to the presence of SDS and agarose
in the former. Nitrogen was detected in EDX analysis because of the Stober method
used and the use of APTES in the reaction before coating the particles by SDS.

The introduction of NH, groups onto the nanoparticles provides the necessary
active sites through which SDS and agarose can be further immobilized. The FT-IR,
XRD, SEM and EDX analyses clearly confirm the coating of the surface of mag-
netic nanoparticles of Fe;0, with SiO, and agarose shells.

Dynamic Light Scattering (DLS) and zeta potential (ZP) measurements were car-
ried out to determine the size and ZP values of Fe;0,@Si0,@ Agarose particles at
different pH. The ZP varies with pH and becomes more positive in acidic and more
negative in basic pH. In the isoelectric point, which usually denotes also the point
of zero charge (PZC), colloids lose stability and agglomeration or flocculation is
observed [24]. The values of the mean hydrodynamic diameter, polydispersity index
(PDI) and ZP of the Fe;0,@Si0O,@ Agarose sorbent were measured in two different
pHs of 5.5 and 9.0. The ZP of the particles was only —8.26 (+3.97) mV in pH 5.5,
but it was as large as —28.4 (+5.53) mV in the basic pH of 9.0. In the lower pH,
that was close to the isoelectric point, the average size of the particles became larger
(1200 nm), probably due to some particle agglomeration. In the basic pH of 9.0, on
the other hand, the colloid was more stable in the larger ZP, and a smaller average
particle size was observed (398 nm).

Distribution profiles of the hydrodynamic diameters obtained from DLS meas-
urements for Fe;0,@Si0,@ Agarose particles at pH 5.5 and 9.0 are presented in
Fig. 6. It can be seen that the particle sizes at pH 5.5 (Fig. 6b) are larger than that of
the sizes at pH 9.0 (Fig. 6a). The DPI values also showed the same trend and were
0.546 and 0.395 nm in the acidic and basic pHs, respectively.

A comparison with the particle sizes observed in the SEM images (Fig. 5) indi-
cate that the sizes obtained by the DLS method are evidently larger. The reason is
that DLS method measures the mean hydrodynamic diameter, which is substantially
larger for a nanocomposite with the outer shell of agarose gel in the solution. Fur-
thermore, due to the intensity of the scattered light which increases with increasing
the size of objects the mean hydrodynamic diameter obtained by cumulant analysis
is overestimated [2].

The magnetic behavior of Fe;O,@SiO,@Agarose at room temperature is shown
in Fig. 7 in the form of a magnetization curve with the magnetic field intensity

Table 2 Quantitative results of

Sample type Element surface compositions deter-
EDX mined by EDX (%)
C N O Fe Si
Fe;0,@Si0, 18.1 10.4 53.7 6.4 114

Fe;0,@Si0,@Agarose 28.3 10.4 48.1 59 7.6
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Fig. 6 Distribution profiles of the hydrodynamic diameters obtained from DLS measurements for
Fe;0,@Si0,@Agarose particles a at pH 5.5 and b at pH=9

variation from + 10,000 to —10,000 Oe. The saturation magnetization of Fe;O,@
Si0, @ Agarose nanoparticles is 21.57 emu g~! which is smaller than the values typi-
cal of the reference value for the pure magnetite nanoparticles [25]. This reduction
of the magnetization which is often observed for nanoparticles may be related to the
contribution of the silica and agarose shells surrounding the magnetite nanoparti-
cles. However, the magnitude of this reduction is not so great to seriously affect the
applicability of the nanoparticles in magnetic separations. As shown in Fig. 7, the
hysteresis loop at 300 K revealed that Fe;0,@SiO,@ Agarose displayed low coer-
civity with no obvious hysteresis confirming the superparamagnetic properties of
the nanoparticles [26].

The result of DSC analysis for Fe;0,@Si0,@ Agarose is shown in Fig. 8. A DSC
curve of Fe;0,@Si0,@Agarose exhibited a broad endothermic peak at around
70 °C which might be due to vaporization of the traces of moisture present. The
organic compounds of nanocomposites were decomposed in the temperature range
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Fig.8 DSC curve of Fe;0,@8Si0, @ Agarose MNPs
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of 250-600 °C. The strong endothermic peak at 383 °C can be attributed to the deg-
radation of the agarose backbone.

Central composite design (CCD) optimization

One of the most common methods of multivariate optimization is central compos-
ite design (CCD) that combines two-level full or fractional factorial designs with
additional axial or star points and at least one point at the center of the experimental
region being investigated. It allows the determination of both linear and quadratic
models [27]. To calculate a good estimate of experimental error (pure error), center
points are usually repeated [28].

For optimization of the adsorption parameters, a CCD method was used. Four fac-
tors of pH, volume of sample, amount of adsorbent and contact time were included
in the design. The low and high levels for each factor were defined according to the
results of some preliminary experiments (see Table 1). The percent adsorption of
the drug was the dominant criterion that was considered as the response function of
the CCD model to optimize the mentioned variables. The levels of the experimental
variables designed by the method and the respective response values obtained by
performing the experiments are presented in Table 3.

Using the response optimizer function of the Minitab software for simultaneous
optimization of the studied factors, the optimization plots were obtained (Fig. 9). An
optimization plot indicates how the factors affect the predicted responses. Each col-
umn of the graph corresponds to a factor and each cell shows how the corresponding
response variable or composite desirability change as a function of one of the fac-
tors, while all other factors remain fixed. As shown in Fig. 9c, an increase in adsorp-
tion was observed by decreasing the volume of sample and increasing the amount
of adsorbent. Also, increasing the pH of solution to 8.3 was resulted in increasing
the adsorption (Fig. 9a) but the adsorption efficiency of PHP does not significantly
changes with increasing the contact time (Fig. 9d).

Variation of pH can change the surface charge of MNPs [29]. As it is confirmed
by the ZP results, in a higher pH value the surface charge of the Fe;0,@SiO,@Aga-
rose particles is more negative. Because of the sorption mechanism, negative surface
charges are more proper for the extraction of PHP. This is confirmed by the increase
in the adsorption efficiency up to pH 8.3 in Fig. 9a. On the other hand, more basic
conditions lead to the prolapse of SDS layer from the nanocomposite and a decrease
in adsorption efficiency of PHP is observed.

According to Fig. 9d, the contact time does not have significant effect on the
adsorption efficiency of PHP stating a fast adsorption process for the sorbent. The
amount of adsorbent and sample volume showed opposite effects on the extrac-
tion efficiency of the Fe;0,@SiO, @ Agarose sorbent for PHP (Fig. 9b, c). A larger
amount of the adsorbent results in a higher collision probability with PHP and pro-
vides a higher loading capacity of the sorbent and, as a result, leads to a higher
adsorption efficiency. A larger sample volume, on the other hand, shows the oppo-
site effect and decreases the efficiency of adsorption.
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Table 3 Conditions of the designed experiments and the respective response values obtained by perform-
ing the experiments for central composite design optimization

Run order pH Sorbent (mL) Volume (mL) Time (min) Adsorption (%)
1 10 1 10 5 36.92
2 8 1 10 5 35.98
3 9 1.5 7.5 7.5 53.53
4 8 2 5 5 72.40
5 10 2 5 5 71.45
6 9 1.5 7.5 7.5 58.24
7 10 2 10 10 53.34
8 10 1 10 10 33.34
9 8 2 10 5 56.74
10 9 1.5 12.5 7.5 36.36
11 9 1.5 7.5 2.5 57.87
12 8 1 5 10 55.98
13 9 1.5 7.5 7.5 58.43
14 9 1.5 7.5 7.5 55.42
15 9 1.5 2.5 7.5 80.70
16 10 1 5 5 53.90
17 11 1.5 7.5 7.5 27.11
18 8 2 5 10 70.32
19 10 2 10 5 34.47
20 9 0.5 7.5 75 26.92
21 10 2 5 10 72.77
22 7 1.5 7.5 7.5 49.00
23 9 1.5 7.5 12.5 49.19
24 9 2.5 7.5 7.5 67.87
25 9 1.5 7.5 7.5 51.64
26 9 1.5 7.5 75 53.90
27 8 1 10 10 35.98
28 9 1.5 75 7.5 52.58
29 10 1 5 10 53.15
30 8 1 5 5 60.70
31 8 2 10 10 59.00

For the entire data, the predicted optimized conditions calculated from the
model were as follows: pH=28.3, volume of sample=2.5 mL, amount of adsor-
bent=2.5 mL (5 mg) and contact time=2.5 min. The predicted value for the
recovery was 97.89 with an individual desirability of 0.97653. The composite
desirability was 0.97653. Performing 6 replicated analyses under the optimized
conditions suggested by the CCD model, an adsorption efficiency of 92.6%
(+=1.5) was obtained for PHP. Figure 10 shows the images of PHP aqueous
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a b c d
pH Sorbent (mL) Volume (mL) Time (min)
High 11.0 2.50 12.50 12.50
cur [8.2996] [2.50] [2.50] [2.50]
Low 7.0 0.50 2.50 2.50
Composite
Desirability
0.97653
Targ: 100.0
y = 97.8880
d =0.97653

Fig. 9 Simultaneous optimization plots of the studied factors for CCD optimization. a pH of solution, b
amount of adsorbent, ¢ volume of sample, d contact time

Fig. 10 Images of PHP aqueous solutions before adsorption (left), after addition of the MNPs (center)
and after adsorption and magnetic separation of the MNPs by a permanent magnet (right)

solutions before adsorption and after adsorption and magnetic separation of the
Fe;0,@8Si0,@Agarose particles by a permanent magnet.

Adsorption capacity
The effect of the initial concentration of PHP on the adsorption capacity of the

nanocomposite in the optimized conditions is shown in Fig. 11. As can be seen,
the adsorption capacity of Fe;0,@Si0, @ Agarose nanocomposite increases almost
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Fig. 11 Effect of the initial 45
concentration of PHP on the
adsorption capacity of MNPs 40
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linearly as the initial concentration of PHP increases. It should be noted that the
adsorption profile did not get into a flat region. The maximum PHP adsorption
capacity of Fe;0,@Si0,@Agarose for a 100 mg L™' of PHP concentration was
41 mg gL

During batch experiments, adsorption isotherms were used to describe the inter-
action of PHP with the adsorbent. Langmuir and Freundlich isotherms were used to
analyze the experimental data. The Langmuir adsorption model is valid for mon-
olayer adsorption onto surface containing fixed number of well-defined sites which
can be described by

Ce/q. = 1/bqy + C./qy, 4)

in which ¢, is the maximum adsorption capacity (mg g~!), b is the Langmuir con-
stant (L mg~'), and C, is the equilibrium PHP concentration in solution (mg L™1).
b and q,, are calculated from the slop and intercept of the straight line of the plot of
C./q versus C, (Fig. 12a).

The Freundlich isotherm describes reversible adsorption and is not limited to the
formation of the monolayer. This empirical equation can be represented by

log g. = log kp + 1/n log C, 5)

in which kg and n are the Freundlich constants related to adsorption capacity and
adsorption intensity, respectively. kp and 1/n can be obtained from the linear plot of
log g versus log C, (Fig. 12b).

The values of b, q,,,, kg, and n were calculated to be 0.13 L mg_l, 43 mg g_l, 5.14
and 1.4, respectively. Considering R? as a measure of the goodness of fit of experi-
mental data [30], the Freundlich model, with an R? value of 0.9997, was more appli-
cable than the Langmuir model, with an R? of 0.947, in interpreting PHP adsorption
on the Fe;0,@Si0,@Agarose MNPs. The better fitting by the Freundlich isotherm
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Fig.12 a Langmuir and b 14
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illustrated the possibility of multilayer adsorption process on the surface of the nan-
oparticles. The Freundlich constant n is found to be greater than one, representing a
suitable condition for the adsorption [31].

Optimization of desorption parameters

Different desorption factors including type and volume of eluent solvent and des-
orption time were studied. The results are shown in Fig. 13. Mixed solvents with
I:1 volume ratios of methanol/H,O, ethanol/H,0, acetonitrile/H,0, and acetoni-
trile were investigated as desorption solvents. As shown in Fig. 13a, acetonitrile/
H,0 provided the highest desorption efficiency for the Fe;O,@SiO,@ Agarose
nanocomposite.
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Fig. 13 Effect of different desorption parameters on the extraction efficiency of PHP: a type of desorp-
tion solvent, b volume of desorption solvent

The effect of contact time on the desorption of PHP from the sorbent was investi-
gated in a range of 10-150 s, and no significant difference in the results was observed
by increasing the time. However, for safety reasons, 1.0 min was used in subsequent
experiments as the optimum desorption time. Figure 13b shows the effect of elution
solvent volume on the desorption efficiency of PHP. As can be seen, a volume of 2 mL.
of acetonitrile/H,O efficiently desorbs the loaded PHP and may be considered as the
optimum volume of the adsorbent. The relatively high volume of acetonitrile/H,O
needed for the desorption of PHP from the sorbent may be attributed to the hydrophi-
licity and gel character of the agarose layer of Fe;O,@SiO,@ Agarose nanocomposite.

@ Springer



Polymer Bulletin (2019) 76:1239-1256 1255

Conclusions

In the present study, a novel two-step modifying process for coating Fe;O, nano-
particles with uniform shells of silica, SDS surfactant and hydrogel agarose has
been described. Fe;0,@Si0O,@ Agarose nanoparticles were successfully prepared
and characterized in each case by FT-IR, EDX, SEM, XRD, DSC, DLS, ZP and
VSM. The synthesized nanocomposite for separation and removal of PHP as drug
model was successfully utilized. The modified nanocomposite created a large sur-
face-to-mass ratio and easy usability with high adsorption efficiency for PHP in
a short time. The adsorption on the obtained nanocomposite for PHP fitted into
Freundlich isotherm. The maximum adsorption capacity for 100 mg L~! of PHP
concentration was found to be 41 mg/g. It may be concluded from the results that
Fe;0,@Si0,@ Agarose as an inorganic—organic hybrid can be potentially applied
for the removal of pharmaceutical residues and considering the superparamag-
netic properties and the ease of its chemical modification, it may find uses as a
novel material in mild separation, enzyme immobilization, etc.
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