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ABSTRACT

Here in, an efficient amino-modified magnetic nano-adsorbent (Fe,O0,@SiO,-NH,) was applied for
the removal of methylparaben (MeP) from aqueous solutions and the removal process was fully opti-
mized by a response surface methodology (RSM). Amino-functionalized magnetic nanoparticles
(MNPs) were characterized by FTIR, XRD, SEM and VSM analysis. The Box-Behnken design (BBD)
was successfully employed to optimize and determine the influential parameters such as pH (3-11),
adsorbent dosage (0.1-1.1 g L), reaction time (10-120 min) and solution temperature (25-45°C). The
optimal conditions obtained for the adsorption of methylparaben were as follows: temperature, 35°C;
pH ~7.0; adsorbent dosage, 1.1 g L'; and reaction time, 120 min. Under the optimized conditions, the
adsorption capacity of 98% was achieved for methylparaben. Additionally, the maximum amount
of MeP adsorbed on the nano-adsorbent was determined to be about 75 mg/g. The adsorption iso-
therms and kinetics were well suited to the Langmuir and pseudo-second-order model, respectively.
Finally, it was found out that amino-functionalized magnetic nano-adsorbent is of great potential to
remove methylparaben from various aqueous media.
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1. Introduction

The term of PPCPs (pharmaceutical and personal care
products) was developed by Daughton and Ternes in 1999
[1]. The population growth and modernization of society

*Corresponding author.

with extended consumption habits have led the human
beings to use a wide variety of PPCPs. As a result, PPCPs
residues are ubiquitous in surface and groundwaters [2].
Parabens, classified as esters of para-hydroxybenzoic acid-
compounds (i.e., methylparaben (MeP), ethylparaben (EtP),
propylparaben (PrP), isopropylparaben (i-PrP), butylpar-
aben (BuB), isobutylparaben (i-BuP) and benzylparaben
(BePB)) have been widely used as antimicrobial preserva-
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tive especially in personal care products, pharmaceutical
and food stuff [3-5]. Parabens have also been consumed
due to a high stability over a wide range of pH, low pro-
duction costs and relatively safe usage [3,6]. MeP is a
short-chain paraben, which is the main ingredient of many
products [7]. Some physicochemical characteristics of MeP
have been outlined in Table 1. Despite the fact that parabens
are considered safe and employed for almost a century, the
recent studies have raised a great concern over their use and
severe impact on human health. In this regard, a number
of reports demonstrated that parabens possess genotoxic or
estrogenic compounds that can affect the endocrine system
and probably cause breast cancer [6,8,9]. In addition, Dar-
bre et al. [10] reported on the presence of MeP at the highest
level corresponding to 62% of the total paraben extracted
from the patients” cancerous breast tissues. Although, para-
bens are biologically degradable and significantly removed
in wastewater treatment plants, they always exist at low
concentration levels in effluents [11-13]. Containing phe-
nolichydroxyl groups, parabens can easily react with free
chlorine and turn into chlorinated by-products. These chlo-
rinated by-products are more stable and toxic than the par-
ent species [14]. Moreover, the presence of parabens and
their chlorinated by-products has been confirmed in sur-
face, groundwater and river [13,15-18]. Therefore, it is nec-
essary to remove these estrogenic chemicals from aqueous
solutions.

Biological degradation of parabens (MeP, EtP, PrP,
BuPandi-BuP) is time-consuming lasting 5 days [19,20].
Up to now, several advanced oxidation processes (AOPs)
have been applied for the efficient degradation of parabens,
including photocatalysis [21,22], ozonation [23,24], and
H,O,-UV oxidation [25]. To some extent, all mentioned pro-
cesses suffer from poor efficiency [3,22].

Due to low concentration of parabens in water, the
selection of an effective separation technology remains a
great challenge in the removal process. Hence, it is vital to
develop a promising technique with an improved capacity
for the removal of parabens. Adsorption technology has
been regarded as a favorable method for the selection of
adsorbent. Amongst the available adsorbents used for the
removal of pollutants in water treatment process, magnetic
nanoparticles (MNPs) have gained considerable attentions
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[26]. Iron oxide magnetite (Fe,O,) has received a great
interest in biomedical applications including drug deliv-
ery [27-29], contrast enhancement in magnetic resonance
imaging (MRI) as well as the removal of pollutant from
the aquatic environment thanks to its large surface-area/
volume ratio [30-34]. However, the bare Fe,O, nanoparticles
are very reactive and easily oxidized upon direct exposure
to specific environments, leading to the reduction in dis-
persibility and stability. Consequently, the surface of Fe,O,
nanoparticles should be modified with a thin silica layer to
improve the dispersion due to the chemically inert proper-
ties of silica. Silica shell acts as a stabilizer preventing Fe,O,
core nanoparticles from oxidization. Furthermore, hydroxyl
(-OH) groups on the surface of hydrolysed silica can eas-
ily form a covalent bond with the terminal amino group
(-NH,), which could consider ably facilitate its utilization
[35-41]. Aminopropyltriethoxysilane (APTES) compound
has been found as a promising grafting agent for the sur-
face modification of the silica materials [42—44]. Hence, the
present study was centered on the surface modification of
MNPs using APTES for the adsorption and removal of MeP
from aqueous solutions. To the best of our knowledge, so
far this has been the first report on the implementation of
APTES for the removal of MeP through adsorption process
along with the application of a response surface methodol-
ogy (Box-Behnken model) for the examination of influen-
tial effective operating factors. It should be also highlighted
that due to existence of a great number of -NH, groups
located on the surface of the adsorbent, the efficiency of
adsorption is significantly increased. Additionally, the mag-
netic properties of the mentioned adsorbent highly facilitate
its recovery from any aqueous matrices and the potential to
be reused for several times.

2. Materials and methods
2.1. Chemicals and materials

Methylparaben (technical reagent grade) was obtained
from Sigma-Aldrich Chemical Inc. Ferrous chloride tetrahy-
drate (FeCl,, 4H,0) and ferric chloride hexahydrate (FeCl,,
6H,0), were of reagent grade and used without further
purification, tetraethylorthosilicate (TEOS), 3-aminopropyl

Table 1
Physical and chemical characteristics of methylparaben
Chemical formula Chemical structure Molecular  Solubility in pKa Melting Boiling
weight water at 25°C point (°C)  Point (°C)
(g/mol) (g/100 ml)
CH,O, (0] 152.16* 0.25 8.17° 131° 275°

0"

OH

a[3], b 6]
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triethoxysilane (APTES) were purchased from Merck, Ltd.
Co. (Merck, Darmstadt, Germany).

2.2. Adsorbent preparation

Magnetic Fe,O, nanoparticles were prepared based on a
modified co-precipitation method described elsewhere [45,
46]. Fe,O, was prepared with a stoichiometric ratio of 2:1
(Fe /Fe*). Briefly, 11.4 g ferric oxide (FeCl,-6H,0O)and 4.1 g
ferrous oxide (FeCl,-4H,O) were dissolved in deionized
water under the conditions of nitrogen atmosphere, 80°C
and vigorous stirring. Afterward, 30 mL NH,OH (25-30%,
w/w) was added dropwise to the solution and stirred for
24 h. Subsequently, the black precipitate was aggregated by
a magnetic field, and the residual solution was removed.
Finally, the black magnetic Fe,O, nanoparticles were rinsed
three times with deionized water and ethanol followed by
drying at 50°C under vacuum for 4 h.

For preparation of Fe,0,@SiO,, as-prepared magnetic
nanoparticles (Fe,O, 1.0 g) were diluted in a mixture of 40
mL ethanol and 10 mL deionized water using an ultrasonic
water bath for 30 min. For modification, the resulting sus-
pension was added with 0.5 mL TEOS and 2 mL ammonia
solution (NH,OH 25%), and the mixture was stirred at 50°C
for 6 h. [47, 48]. In the next step, 1.0 g of the produced Fe,O,@
SiO, nanoparticles was diluted in a flask with 25 mL mix of
toluene:methanol (1:1, v/v) and ultrasonically dispersed
for 15 min. Finally, 2 mL APTES was introduced to the flask
while stirring for 4 h. The product was washed with ethanol
several times and then dried at 60°C under vacuum for 12 to
obtain Fe,0,@Si0O,-NH, [49,50]. Fig. 1 illustrates a schematic
representation of the synthesis of the adsorbent used for the
removal of MeP.

2.3. Experimental procedures

Prior to initial experiments, various dosages (0.1, 0.6,
and 1.1 g/L) of the adsorbent were prepared. All experi-
ments were conducted with RSM. Each 250 mL flask was
filled up with the known amounts of MeP and nano-adsor-
bent to obtain the desirable respective concentrations. The
pH of the solution was adjusted to 3, 7 and 11 using 0.1 M

FeCl, 611,0 e
TEOS {
+ + FE’304 + I

FeCl, 4H,0

H,SO, or NaOH. In addition, the temperature of the solu-
tion was adjusted in the range of 25-45°C. The bottles were
capped with Teflon-lined screw caps to minimize any loss
arising from volatilization. They were then shaken using a
thermostatic shaker at 200 rpm under a certain period of
time (10, 65 and 120 min). After the time elapsed, a 10 mL
aliquot of the sample was pipetted out and the adsorbent
was magnetically separated. Finally, the residual concen-
trations of MeP in the solution were measured by HPLC.
Based on the amount of MeP adsorbed, g, (mg/g) was cal-
culated using Eq. (1):

_ V(G =C) 100 1)

e

where C; and C, are the initial and the equilibrium amount
of MeP concentration (mg/ L), V, the volume of MeP solu-
tion (L), and M is the mass of adsorbent (g). The amount of
MeP adsorbed (%) on the adsorbent was determined using
the following equation:

S =C 100 (2)
C

e

Adsorption% =

2.4. Adsorption equilibrium isotherm of MeP on the
nano-adsorbent

The frequently applied adsorption isotherm models
namely, the Langmuir and Freundlich models were tested.
The Langmuir isotherm is originally based on the assump-
tion that the adsorption occurs in a homogeneous mono-
layer coverage over an adsorbent surface given by Eq. (3)
[51]. Whereas, the Freundlich is an empirical equation [Eq.
(4)] that describes the adsorption process taking place on
heterogeneous or multilayer surfaces [52].

C/ -1 C/ 3
qe Klqm " Qm ( )
Ing, =Ink, +(1/n)InC, 4)

where C,is the equilibrium concentration of the MeP in the
solution (mg/L), g, is the maximum amount of MeP per

Fig. 1. Synthesis procedure of the Fe,O,@SiO,-NH, magnetic nano-adsorbent.
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unit mass of the adsorbent (mg/g) and k, is the Langmuir
adsorption constant (mg/L). k (mg/ g)(L/ mg)'/" and n
are the constant values relating to the adsorption capacity
of the adsorbent and intensity of the Freundlich model,
respectively.

2.5. Kinetics of adsorption

The kinetics of MeP adsorption can be analyzed by two
kinetic models; the Lagergren pseudo-first-order [Eq. (5)]
[53], and pseudo-second-order model based on the adsorp-
tion capacity represented by Eq. (6) [54].

In(g, —g,)=1ng, — k.t (5)

Jo= e ®)

where g, (mg/g) is the amount of MeP adsorbed at a given
time and g, (mg/g) is the amount of MeP at equilibrium
condition, respectively. k, (1/min) and k (g /mg-min) are the
rate constants relating to the first and second order adsorp-
tion, respectively.

2.6. Analytical method

As previously mentioned, the concentration of MeP
was measured by HPLC (CECIL 4100, USA,waters Alli-
ance 2695 XC with UV-Vis Diode Array detector). Separa-
tion of MeP was made on a Nucleodur Sphinx RP column
(25.0cm x 4.6 mm, MZ-1 PerfectSil, Germany) at a flow-rate
of 1ml/min. The mobile phase consisted of a solvent A
(water) and B (methanol). A 20-min gradient elution pro-
gram of A: B/50:50 was employed for the separation. The
detection resulted in a well-defined peak for MeP (RT 18
min, 230 nm).

2.7. Processing of variables by Box-Behnken design

RSM based on the Box-Behnken design is one of the
most powerful and efficient statistical and mathematical
methods applied for evaluating the effect of independent
variables on the response function, which can improve and
optimize complex procedures [55,56]. Recently, the Box—
Behnken design because of practicability and efficiency has
been widely implemented by many researchers in various
studies (46) [57-60]. In the present study, a 4-factor/3-level-
Box-Behnken experimental design was implemented as fol-

Table 2
Independent variables and their respective experimental levels

Variables Symbol Level of value

-1 0 +1
MNPs dose (g/1) A 0.1 0.6 1.1
pH B 3 7 11
Temperature (°C) C 25 35 45
Time (min) D 10 65 120

lows: MNPs dosage (A), pH (B), Temperature (C) and Time
(D). Each factor at three levels was considered in order to
achieve the maximum adsorption efficiency for MeP using
the nano-adsorbent. As illustrated in Table 2, the actual vari-
able values were coded as low (-1), center (0) and high (+1).
It is also noted that a trial version Design expert 10.0.4.0
(Stat-Ease, 2011) statistical software was used. A total num-
ber of experiments (1 = 29) was set including three replica-
tions at the center point to estimate a pure error of sum of
squares(see Table 3).

3. Results and discussion
3.1. Characterization of the adsorbent

The surface morphologies of Fe,O, and the adsorbent
were initially examined by SEM method as illustrated in
Figs. 2A and B. As can be seen,the distribution of ami-
no-functionalized silica over the surface of Fe,O, MNPs
is clearly exhibited. This result shows that the surface of
Fe,O,MNPs was successfully covered with silica. Besides,
the XRD patterns of the synthesized sorbent is illustrated
in Fig. 3. The spectra of Fe,O,, Fe,0,@SiO, and Fe,0,@
5i0,-NH, exhibit six distinct peaks with 20 at 30.32°,
35.62°,43.35°, 57.33°, and 62.89° illustrating a cubic spinal
structure of the adsorbent [61]. It can be clearly observed
from Fig. 3 that the SiO, shell and amino groups were uni-
formly coated on Fe,O, core. Additionally, the successful
coating of the S5iO, shell and amino group on the surface
of Fe O, cores were confirmed by FT-IR experiments per-
formed in the range of 500— 4000 1/cm (Fig. 4). As shown
in Fig. 4, the bands at 570 cm™ are indicative of the pres-
ence of the Fe-O-Fe bond [62]. The Fe-O-Fe bond found in
Fe,0,@Si0O, and Fe,0,@Si0,@NH, proved that Fe,O, was
embedded in these materlals Furthermore for Fe 0@
5i0, and Fe,0,@SiO,-NH,, the peaks at ~1150 Cm*1 rep-
resent the vibration of Si-O-Si bonding [63]. The peak
at ~1420 is also assigned to the N-H stretching. As can
be concluded, the FT-IR spectroscopy analysis verified
the formation of amino groups on silica-coated magne-
tite nanoparticles [64]. In addition, the VSM magnetiza-
tion curves of Fe,O,, Fe,0,@SiO,, and Fe,0,@SiO,-NH,
nanoparticles are deplcted in Flg 5. The saturated mag-
netization values of the particles were reduced from 68.5
to 42.2 emu/g (for Fe,O, and for Fe,O,@5i0,-NH, MNPs,
respectively). These results also reveal that the adsorbent
exhibits an excellent magnetic response to a magnetic
field. Therefore, the adsorbent is easily and rapidly sepa-
rated due to a significantly magnetic sensitivity. Note that
the reported value is a bit smaller than the magnetization
value of the amino-functionalized Fe,O,@SiO,-NH, (45.93
emu/g) reported by other researchers[65].

3.2. The Box—Behnken design for MeP removal rate and
statistical analysis

Results obtained by performing the batch adsorption
experiments according to the RSM matrix are summarized
in Table 4. The final equation of the quadratic model relat-
ing to the experimental results for the MeP adsorption in
terms of actual (natural) factors is given below:
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The Box-Behnken design experiment for four variables and their corresponding responses

Run A:MNPs (g/L) B:pH C:Temperature (°C) D:Time (min) Adsorption (%)
1 0.10 7.0 25.00 65.00 27
2 0.60 11.0 45.00 65.00 58
3 1.10 7.0 35.00 120.00 98
4 0.10 3.0 35.00 65.00 21
5 1.10 3.0 35.00 65.00 57
6 0.10 11.0 35.00 65.00 23
7 0.60 70 45.00 120.00 88
8 0.10 7.0 45.00 65.00 31
9 0.60 11.0 35.00 120.00 70
10 0.60 7.0 35.00 65.00 54
11 0.60 7.0 35.00 65.00 57
12 1.10 7.0 35.00 10.00 40
13 0.60 3.0 25.00 65.00 47
14 0.10 7.0 35.00 10.00 10
15 1.10 11.0 35.00 65.00 63
16 0.60 7.0 25.00 120.00 77
17 1.10 7.0 25.00 65.00 73
18 1.10 7.0 45.00 65.00 85
19 0.60 3.0 45.00 65.00 45
20 0.60 3.0 35.00 10.00 20
21 0.60 7.0 45.00 10.00 33
22 0.60 70 35.00 65.00 56
23 0.60 11.0 35.00 10.00 24
24 0.60 7.0 35.00 65.00 55
25 0.60 7.0 25.00 10.00 30
26 0.10 7.0 35.00 120.00 35
27 0.60 3.0 35.00 120.00 60
28 0.60 11.0 25.00 65.00 53
29 0.60 70 35.00 65.00 60

26 KV

20.0 KX 1um

Fe: 0.

»

KYKY-EM32

s 1

00

SN:0523

Fig. 2. SEM images of Fe,O, (A) and Fe,0,@SiO,-NH, (B).

KYKY-EM3200

Fe:0:@Si0: @NH:

SN:0523
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Fig. 5. VSM magnetization curves of Fe,O,
Fe,0,@Si0,-NH2 at room temperature.

Fe,0,@SiO, and
Adsorption =37.73 + 3899 A+ 6.67 B-3.31C +0.22D

+0.5AB + 0.4 AC + 0.3 AD + 0.04 BC + 0.007 BD + 0.004
CD -25.97 A2 -0.58 B2 + 0.04 C2 - 0.001 D2 (7)

ANOVA is a suitable statistical technique for the
analysis of the statistical significance of the response sur-

face quadratic regression model. The significance of the
quadratic model was analyzed by F, P and the correla-
tion coefficient value, and the corresponding results of
ANOVA are presented in Table 4. The F-value of 71.74 and
p-value with a low probability (<0.0001) implied that the
quadratic model satisfactorily explained the MeP adsorp-
tion on the adsorbent. It is obvious that the value of lack
of fit (3.21) is insignificant, which demonstrates the valid-
ity of the quadratic model for the MeP adsorption on the
adsorbent. The value of determination of correlation
coefficient (R* = 0.9863) in the present study describes
that the regression model is well fitted to the prediction
of the performance of the MeP adsorption on the adsor-
bent. Meanwhile, the value of the predicted determina-
tion of coefficient (R*= 0.9613) is in agreement with the
value of Rzaclj = 0.9725. As shown in Table 4, all the p-val-
ues of A, B, C, D, AD, A?, B,> C>and D?are less than 0.05,
which implies that these variables are highly significant
and play an important role in the MeP adsorption effi-
ciency. As can be seen in Fig. 6a, the fitted quality of Eq.
(7) was also observed by comparing the MeP adsorption
efficiency between the experimental and predicted mod-
els. It is expressed that the prediction residuals for the
most of the response values were less than 10% and the
predicted values are close to the actual results, support-
ing the fact that the regression model exhibits excellent
performance for the MeP adsorption on the adsorbent.
To evaluate the model adequacy the normal probability
versus studentized residual plot, a graphical diagram for
determining residual normality,was drawn [66,67]. As
can be seen in Fig. 6b all the graphical residual points
on the plot were well distributed (i.e., closely positioned
to the straight line), confirming that the model was suf-
ficient to predict the MeP adsorption on the adsorbent.
On the whole, it can be concluded that the RSM used in
present study was determined to be suitable for the pre-
diction of the MeP adsorption process.

3.3. Model interpretation with three-dimensional plots

3-dimensional response surface plots are the analytical
graphs demonstrating the simultaneous mutual interac-
tive effects of two independent variables on the reaction
process while keeping another variable at a fixed level [68].
The 3-dimensional surface response plots and their inter-
active effects of the variable combination on MeP adsorp-
tion are shown in Figs. 7a—e. The change in pH value, is
likely to be the most important parameter in the adsorp-
tion efficiency mainly due to its impact on a) the solubility
of the ionic form, b) the concentration of the opposite ions
attached to the amino group (-NH,) of the nano-adsorbent
and c) the ionization properties of the nano-adsorbent sur-
face [43]. The evaluation of the effect of pH as the most sig-
nificant variable is depicted in Figs. 7a, b and f. As shown,
the MeP adsorption efficiency was initially enhanced as
pH values increased from 3.0 to 7.0 and then gradually
decreased within the range of 7.0-11.0. The phenomena
could be attributed to the different interactions between
the adsorption sites and MeP under a various pH range
and to the hydrogen bonding interactions between N and
H of the amino group and ~OH or ~COOCH, in MeP mol-
ecule [69]. In addition, other driving forces such as the
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Table 4
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Analysis of variance (ANOVA) results for the response surface quadratic model

Source Sum of squares df Mean square F Value p-value Prob > F
Model 13740.47 14 981.46 71.74 < 0.0001 significant
A-MNPs 6030.08 1 6030.08 440.76 <0.0001

B-pH 140.08 1 140.08 10.24 0.0064

C-Temperature 90.75 1 90.75 6.63 0.0220

D-Time 6120.08 1 6120.08 44734 < 0.0001

AB 4.00 1 4.00 0.29 0.5972

AC 16.00 1 16.00 117 0.2978

AD 272.25 1 272.25 19.90 0.0005

BC 12.25 1 12.25 0.90 0.3601

BD 9.00 1 9.00 0.66 0.4309

CD 16.00 1 16.00 117 0.2978

A? 273.35 1 273.35 19.98 0.0005

B 554.00 1 554.00 4049 < 0.0001

c 104.22 1 104.22 7.62 0.0153

D? 90.81 1 90.81 6.64 0.0220

Residual 191.53 14 13.68

Lack of Fit 170.33 10 17.03 3.21 0.1359 not significant
Pure Error 21.20 4 5.30

Cor Total 13932.00 28

R-Squared = 0.9863, Adj R-Squared = 0.9725, Pred R-Squared = 0.9272, Adeq Precision=33.833.

Predicted
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100 —
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Fig. 6. Comparison of the predicted versus actual (a) and normal probability versus residuals plot (b) for the MeP adsorption on the

Fe,0,@5i0,-NH, MNPs.

electrostatic interaction between the positively-charged
aminopropyl and MeP molecule may play an important
role in promoting the MeP adsorption.

According to the study by Wang et al., the optimum pH
value for the adsorption of tannic acid on the adsorbent was
determined to be 6 [33]. The same group also reported that
at pH = 3 the adsorption rate was low, which is probably
due to the formation of -NH,* leading to the reduction of
MeP adsorption [70]. In fact,at low pH, the adsorbent sur-
face is mainly covered with H,O" ions resulting in the loss
of MeP adsorption [71]. This is in agreement with the result

reported in the literature echoing the fact that the neutral
pH (pH =7) is favorite for the adsorption [72].

According to Table 1, at pH > pKa, the ionized form
of MeP is predominant; while at pH < pKa, the molecular
form will be the major form in the aqueous solution. Con-
sequently, as pH increases, both the adsorbent surface and
MeP molecule become more and more negatively charged,
leading to an electrostatic repulsion in consequent with a
great loss of the MeP adsorption [73].

In a further development, the MeP uptake capacity
increased when the adsorbent dosage increased from 0.1 to
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1.1 g/ L as illustrated in Figs. 7a, ¢ and d. It is clear that
the implication of higher dosages of the adsorbent leads to
an increase in the surface area as well as the availability of
more affinity binding sites on the adsorbent [74].

The MeP adsorption on the adsorbent was also con-
ducted at different contact time ranging from 10 to 120 min
(Figs. 7b and d). It can be seen from the response surface
graphs that the MeP adsorption efficiency is enhanced with
increasing the contact time from 10 to 120 min. This can be
explained by the fact that the adsorbent with a huge num-
ber of abundant activated sites could provide sufficient
adsorption sites for MeP [75].

Figs. 7¢, e, illustrate the adsorption efficiency of MeP on
the adsorbent at different temperatures. It can be observed
that the adsorption capacity of MeP was enhanced with
increasing the temperature from 25 to 45°C, and the maxi-
mum adsorption efficiency was obtained at 45°C. Therefore,
the adsorption process is of endothermic nature. Similar
results were reported by Zhang et al. centering on Pb (II)
removal from the aqueous solution using the adsorbent [76].

3.4. Optimization process for MeP adsorption

In order to determine the optimum value for the MeP
maximum adsorption efficiency a multiple response method
was carried out and the results are tabulated in Table 4. In
the Design Expert software, for numerical optimization the
possible goals are as follows: minimize, maximize, target,
within in range, set to an exact value (factors only) and
none (for responses only). Under the optimal conditions
designed by the Design Expert software, the favorite objec-
tives for each evaluated parameter (i.e. adsorption time,
the nano-adsorbent dosage, pH, and temperature) were
selected within the respective range. The response (max-
imum adsorption of MeP (%)) was defined to obtain the
highest efficiency of adsorption rate. To test the optimiza-
tion values obtained by the Box-Behnken design, the results
were experimentally checked and tabulated in Table 5. As
can be seen, the additional experimental result was in good
agreement with the expected response value, which implies
that the Box-Behnken design desirability functions could
successfully be applied for the optimization of the adsorp-
tion parameters regarding the removal of MeP.

3.5. Kinetics of adsorption

Kinetics of adsorption was conducted under the condi-
tions as follows: different contact times (5, 15, 30, 60, 90, and
120 min), a fixed dosage of the adsorbent (0.6 g/L), MeP
concentration (20 mg/L), pH = 7 and temperature of 25°C.
The experimental results are summarized in Table 6. It can
be observed that the pseudo-first-order model provided the
poor kinetic data for MeP uptake on the adsorbent. How-
ever, the pseudo-second-order model was well fitted to the
correlation coefficient values (R*> 0.99). Additionally, the
experiment g, (exp) (31.13 mg/g for MeP) and calculated g,
(cal) (32.57 mg/g for MeP) were close to each other.

On the whole, according to the Table 5 the R?values
(>0.99), it is concluded that the pseudo-second-order was
found to be the optimum kinetic model to describe the
adsorption of MeP using the adsorbent.

3.6. Adsorption isotherms

The schematic mechanism for the adsorption of MeP
on the adsorbent is illustrated in Fig. 8 and all the model
parameters and their multiple regression coefficients (R?)
obtained from the two static isotherm models are also tab-
ulated in Table 7 (The applied condition for the experiment
was: pH of 7.0, adsorbent dosage of 0.6 g L™ and adsorption
time of 120 min). The maximum amount of MeP adsorbed
on the adsorbent was determined to be about 75 mg/g. To
further clarify the mechanism of MeP adsorption, a number
of batch tests were carried out to study the Freundlich and
Langmuir isotherm models. As can be seen from Table 7, R?
values of 0.98 and > 0.99 for the Freundlich and Langmuir
isotherm models were obtained at different temperatures,
respectively. Accordingly, the experimental data were well
fitted to the Langmuir model. This result also suggests that
the MeP uptake on the adsorbent follows the monolayer
pattern.

3.7. Thermodynamics

To study the thermodynamics of MeP adsorption,a
single experiment was carried out at different tempera-
tures (25, 35 and 45°C). Three thermodynamic parameters

Table 5

Optimization results regarding the maximum adsorption efficiency of MeP
Number Adsorption dose (g/L) pH Time (min) Temperature (°C) Adsorption rate %
1 11 7 120 35 994
Add. Exp? 11 7 120 35 98

*Additional experiment

Table 6

The simulated parameters of the kinetic model for the adsorption of MeP on the Fe,O,@SiO,-NH, MNPs

Target Deexp Pseudo-first order Pseudo-second order
qe,cnl (mg/ g) Ke (1/mln) RZ qe,cal (mg/ g) kz (g/(mg mln)) RZ
MeP 3113 20.64 0.059 0.837 32.57 0.1439 0.999
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Fig. 8. Langmuir (a) and Freundlich (b) isotherm model of MeP on Fe,O,@SiO,-NH, MNPs.

Table 7
Adsorption isotherm parameters and the correlation coefficients
for MeP

Isotherm Langmuir Freundlich

frnodel » Kl R2 Kf (mg /g) n R2
emperature (mg /g) L /mg) L /mg)l/“

25°C 6711 094 099 31.26 347 098
35°C 70.42 192 0.99 32.06 3.26 098
45°C 752 2.83 099 43.67 3.11 098

included the standard enthalpy (AH®), standard entropy
(AS°) and standard free energy (AG®). The values of the
thermodynamic parameters were calculated using the fol-
lowing equations:

Ink, =4S4 —AH /2 8)

k=% ©)

AG’ = —RT (Ink,) (10)
where T is the temperature (°K); R is the universal gas con-
stant (8.314 ] /mol K); K, is the distribution coefficient (L/g);
g, is the concentration of MePon the Fe,O,@SiO,-NH, MNPs
at equilibrium (mg/g) and C, is the residual MeP concentra-
tion in the aqueous phase.

The calculated values of AH°, AG®, and AS° for the
adsorption of MeP on the adsorbent are summarized in
Table 8. The negative values of AG® obtained with increas-
ing the temperature confirm the spontaneous nature and
practicability of the adsorption process. Whilst, the posi-
tive values of AH° reveal that the adsorption of MeP on the
adsorbent is endothermic in nature. In addition, the pos-
itive values of AS°® indicates that the adsorbent has high
affinity for MeP adsorption in solid/liquid phase. Similar
results were reported by Zhao et al. and Aksu et al. for the

5
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Table 8
Thermodynamic parameters for adsorption of MeP on Fe,O,@
SiO,-NH,

Temperature Ln AG° AH° AS°

(°K) k. (kj/mol) (kj/mol)  (kj/mol K)
293 7.01 -17.08 81.28 0.86

303 715 -18.32

318 7.32 -19.66

removal of chromium(VI) using Fe,0,@SiO,-NH, and the
adsorption of 2,4-D by granular activated carbon (GAC)
from the aqueous solution, respectively [77,78].

3.8. Reusability studies

To evaluate reusability of the adsorbent, MeP was
loaded on the adsorbent (via adsorption process) over five
cycles. In each cycle, a 100-ml MeP solution (20 mg/L)
was mixed with the adsorbent solution (0.6 g/L) while
agitating for 24 h. The adsorbent was separated using an
external magnetic field and the supernatant was subjected
to MeP measurements. The residual MeP loaded on the
adsorbent was mixed with a 50 ml of 0.5 mol/L HNO,
solution and sonicated for 30 min. The result showed that
the adsorption capacity was reduced by 8% in the first
cycle followed by < 3.5% for the subsequent four cycles.
This demonstrates that the stability of the adsorbent lies
within an acceptable criteria concerning the reusability of
an adsorbent.

3.9. Comparative study

To highlight the advantages of the adsorbent for the
removal of MeP, the results of this work were compared
with the other related publications (Table 9). It is clear that
the used adsorbent,which is effective and environmentally
friendly, could be successfully applied for the removal of
micropollutant in water and wastewater treatment. As
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Table 9
A comparative study on the MeP removal from aqueous solution

Research Removal agent Removal Percentage Reference

number time removal (%)

1 UV/ TiO, 240 min 100 [79]

2 TiO,, Fe* 120 min 100 [80]

3 MNPs-NH, 30min 100 [81]

4 MNPs-NH, 120 min 100 [82]

5 PS/Fe304 24 h 19.5 [83]

6 granular 168 h - [84]
activated carbon

7 MNPs-NH, 120 min 98 This work
nanoparticles

shown in Table 9, the presented method provided a high
removal efficiency compared with others in the literature
[79-84].

4. Conclusions

In this study, Fe,0,@SiO,-NH,nano-adsorbent was suc-
cessfully applied for the adsorption and removal of meth-
ylparaben from aqueous solutions. The characterization
of the adsorbent was carried out by XRD, FTIR, VSM, and
SEM, which all confirmed the successful synthesis of the
adsorbent. Response surface methodology using the Box—
Behnken model was implemented to examine the influential
effective operating factors (temperature, adsorbent dos-
age, time and pH) as well as their interactive effects on the
responses in terms of the maximum removal of MeP. It was
found out that an increase in the contact time, temperature,
and the adsorbent dosage improved the removal efficiency
of MeP. The optimization by the model of desirability func-
tion revealed that a 98% removal of MeP could be achieved
under the optimal conditions. Apparently, the adsorption of
MeP on the adsorbent was determined to be endothermic
in nature. Adsorption isotherms and kinetic models were
well described by the Langmuir and pseudo-first-order
model, respectively. Additionally, it was demonstrated that
the Box-Behnken model is a well-driven approach to opti-
mize the experiments for the removal of MeP. Finally, the
applied amino-functionalized magnetic nanoparticles can
be successfully applied for the adsorption and removal of
MeP from several aqueous samples.
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