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ABSTRACT

In this work, a green quaternized nanohybrid was selected to enhance naproxen removal from
aqueous solution hence magnetic dextrin was synthesized by a simple one-step precipitation route and
modified by covalently binding tributylamine on its surface. The nanohybrid was characterized with
energy dispersive X-ray spectroscopy, X-ray diffraction, field emission scanning electron microscopy,
vibrating sample magnetometry (VSM), Fourier transform infrared spectroscopy and N, adsorption—
desorption techniques. Prepared hybrid showed a mesoporous nanostructure with a surface area of
46.1 m*/g and pore diameter of 7.54 nm. Result for VSM analysis revealed that magnetic dextrin and
ionomer have the Ms value of 46.27 and 24.9 emu/g, respectively, which made the nanohybrid a good
candidate for magnetic adsorption process. Effective parameters on naproxen adsorption were opti-
mized by response surface methodology using Box-Behnken design. Naproxen adsorption followed
fast equilibrium time of 10 min at a pH of 8.0 and ionic strength of 8% by using 8 mg of the adsorbent.
Kinetic study showed that adsorption onto both adsorbents followed pseudo-second-order model.
Isotherm study was performed based on Langmuir and Freundlich models and results showed that
the Freundlich model can better describe the adsorption process. The maximum adsorption capacity of
magnetic dextrin and ionomer was 137 and 166.6 mg/g, respectively. This result revealed enhances in
naproxen removal by using the ionomer which made it a good candidate for water treatment purpose.
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1. Introduction

Water is the essential substance for all life as an adequate
supply of safe water is a fundamental right for human, ani-
mals, and plants. However, due to tremendous increases in
industrialization in the last few decades, it is very difficult
to obtain pure and safe water free from hazardous materi-
als. In other words, reliable access to clean and affordable
water is gradually becoming a major global challenge [1-3].
Because of various unplanned activities, surface waters and
groundwater can be contaminated by various toxic and haz-
ardous materials such as drugs and personal care products
[4]. In recent decades, the possible environmental risks of the
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anti-inflammatory drugs to aquatic ecosystems have been
raised since they are designed to be biologically active [5].
Among various pharmaceuticals belonging to the group of
non-steroidal anti-inflammatory drugs (NSAIDs), naproxen
with an aryl acetic acid group in its structure, is a synthetic
one widely used to treat inflammation or pain in human
beings. In its pure form, it has a log K_ of 3.18, and a pKa of
4.15 which confirmed it is a relatively hydrophilic compound
that can easily get into the aquatic media in a very fast and
uncontrolled manner causing water and soil pollutions [6-8].
At the neutral pH media, the naproxen’s are quite stable;
however, they can be slowly cleaved only when are heated
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in concentrated sulfuric and nitric acids [9]. In this context,
there is an increasing demand for competent methods to
remove NSAIDs from water and wastewaters. Up to now,
several physical and chemical strategies to remove emerging
compounds from aqueous media have been proposed. Most
employed methods for the removal of drugs include osmosis,
coagulation—flocculation, biodegradation, electroflotation,
advanced oxidation, ion exchange, and filtration [10-17].
Despite the benefit of the mentioned methods, they showed
some specific shortcomings. It was found that sedimentation
and coagulation processes are ineffective for the removal
of naproxen. Moreover, the oxidation process generates
intermediate compounds that in some cases are more toxic
than their original compounds [18,19]. In other words, most
employed techniques are energy intensive as well as require
expensive equipment for their successful performances [20].
It can be noted that the process of adsorption is the most
preferred method for removing drugs from aqueous solutions
because it can be applied easily as well as the process efficien-
cies and the surface properties of adsorbents can be modified
according to the adsorbate [21-23]. In recent years biosor-
bents have attracted a great deal of attention for the removal
of micropollutants owing to their abundance in nature, inex-
pensive and environmentally benign characteristics [24,25].
Among various types of biosorbents, dextrin as an inexpen-
sive non-toxic water-soluble polysaccharide is a useful bio-
polymer with a wide range of properties. It is a class of low
molecular weight carbohydrates produced by hydrolysis of
starch or glycogen which exhibits favorable biodegradability
as can be used in food industry and in pharmaceutics as a
binder, and diluent [26]. In the view of water treatment pur-
pose, dextrin should be chemically modified to improve the
surface area and active sites of it in order to render more
remediation of water pollutants [27].

In recent years, ionic liquids (ILs) with the unique prop-
erties have attracted great interests as disposable coating
material since their structure consists of bulky organic cat-
ions combined with inorganic or organic anions. They are
considered as a green reaction media with unique proper-
ties such as low melting points, negligible vapor pressures
and high thermal stability [28,29]. Despite the worthiness of
ILs as advanced material, their employment is along with a
main drawback, that is, the low feasibility of recycling. To
overcome this issue, ILs can be immobilized on a solid matrix
such as magnetic polymeric compounds which generates an
efficient type of advanced material for separation purpose
[30]. The magnetic IL-based adsorption process is a rapid and
effective technique that is capable to treat aqueous solution
within a short time with no contaminants [31-33].

Based on the mentioned remarks at above this work pres-
ents an efficient magnetic adsorption system for naproxen
removal. v - Fe, O, — Dextrin nanoparticles were chemically
modified by covalent attachment of tributylamine onto their
surface. Epichlorohydrin (ECH) was used as a linker to attach
tertiary amine to magnetic dextrin. Effective parameters on
naproxen adsorption were optimized with the response
surface method (RSM) using Box-Behnken design (BBD) in
order to identify the most important parameters and their
interactions. In comparison with one factor at a time design,
by means of RSM, the experimental procedure can be sim-
plified and the overall costs associated with the experiment

decreased [34]. Kinetic and isotherm models were also stud-
ied and results were discussed and compared with magnetic
dextrin and ILs based sorbent.

2. Experimental
2.1. Materials and instruments

Dextrin, FeCl,-4H,0, sodium hydroxide, epichlorohy-
drin and butylamine were purchased from Merck Company
(Darmstadt, Germany). Ethanol was supplied from Bidestan
Company (Qazvin, Iran). The pH adjustment was performed
with NH, and HCl solution (0.1 mol L™).

The prepared composite was characterized by powder
X-ray diffraction analysis (XRD), Field emission scanning
electron microscopy (FESEM), Fourier transform infrared
spectroscopy (FT-IR), energy dispersive X-ray spectros-
copy (EDX), vibrating sample magnetometry (VSM) and N,
adsorption—-desorption measurements. XRD was recorded
with powder diffractometer X’ Pert MPD (Philips, Eindhoven
Poland) using Cu-Ka radiation at A = 1.540589 A. FESEM
and EDX are carried out using MRIA, TESCAN. FT-IR was
measured with Equinox 55 (Bruker, Germany) at the wave-
number of 400-4,000 cm™. VSM was recorded with MDKFD
instrument, Kashan, Iran. The N, adsorption-desorption
isotherms were measured on Nova Station A system. A
PerkinElmer LS 50 spectrofluorimeter (PerkinElmer USA)
equipped with xenon discharge lamp and quartz cell was
used to record fluorescence measurements. A digital pH
meter (model 692, Metrohm, Herisau, Switzerland) was used
for the pH adjustment.

2.2. Synthesis of magnetic dextrin

To prepare magnetic dextrin, 5.0 g of FeCl,.4H,0 was dis-
solved in 100 mL of distilled water, and then 2.0 g of dextrin
was poured to the iron solution under magnetic stirring. After
stirring for 10 min, 4.0 g of NaOH in 20 mL of distilled water
was added to the mixture and was irradiated sonically at 60°C
for 1 h. The obtained black precipitate was filtered, washed
with distilled water for five times and ethanol once then dried
at 70°C for 5 h. At the synthesis process of magnetic dextrin,
Fe* ions precipitates as Fe(OH), then convert to Fe,O, in con-
tact with air. By using sonication, high temperatures and pres-
sures are produced in the inner environment of the collapsing
bubble and between the cavitation bubbles and bulk solu-
tion, causing the pyrolysis of water into H and OH radicals
[35]. This situation accelerates the oxidizing of Fe* ions and
facilitates the formation of Fe, O, nanoparticles. The reactions
during this synthetic process are summarized as follows:

Fe* + 20H™ — Fe(OH), 1)
H,O0—>H-+OH- 2)
H-+0, »-O0OH ©)
2-O0H - H,0, +0, 4)
2Fe(OH), + H,0, — Fe, O, + 3H,0 (5)
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2.3. Preparation of polymeric IL

Magnetic dextrin (1.0 g) was stirred in 50 mL of NaOH
solution (0.2 mol L) for 2 h then, 8.0 mL of ECH was added
to the suspension and refluxed at 40°C for 6 h. Obtained mass
was collected with the external magnetic field, washed with
water once and ethanol three times, and then ultrasonically
dispersed at 50 mL of ethanol for 10 min. After addition of
3.0 mL of butylamine, the mixture was refluxed at 70°C for
24 h along with stirring. After cooling to room temperature,
the product was collected magnetically, washed with ethanol
and distilled water and dried at 50°C for 4 h.

2.4. Optimizing effective parameter on naproxen adsorption

To evaluate effective parameters on naproxen adsorp-
tion, RSM was used. In fact, RSM is a group of empirical
techniques used for optimizing variables to reach a maxi-
mum desired response [36]. BBD was used to run adsorp-
tion experiments by Design-Expert software version 7.0.0.
The design consists of four factors including solution pH (A),
contact time (B), adsorbent dose (C) and ionic strength (D),
and removal percentage (%R) as a response. The experimen-
tal design consisted of a total of 29 runs, one block and five
center point. Analysis of variance (ANOVA) was used to vali-
date the equations; moreover, 3D response surface plots were
drawn from the experimental data to overview the variables
effects and optimum level of parameters. Drug sample vol-
ume and concentrations were 10 mL and 10 mg L, respec-
tively. Isotherm and kinetic studies were performed under
optimum conditions for different concentrations of naproxen
(10 mg L for kinetic study and 5-150 mg L™ for isotherm
study) in 20 mL volumetric flasks. The pH and ionic strength
of the solutions were adjusted to 8 and 8%. Then, 8 mg of the
sorbent was added to each flask. After shaking for 10 min, the
solid mass was separated and the concentration of the target
analyte in the supernatant was determined by spectrofluo-
rimeter. Removal percentage (%R) was calculated using the
following equation:

%R =100 x (C, - C))/C, 6)

In this equation, C; and C, (mg L) represent initial
concentration and remaining naproxen in the solution after
equilibrium, respectively.

3. Results and discussion
3.1. Characterization

The crystallinity of the magnetic nanocomposite after
and before IL immobilization was studied by XRD analy-
sis (Fig. 1(a)). The characteristic peaks due to the iron oxide
phase show scattering at 20°= 30.26, 35.34, 43.22, 53.55, 57.23
and 63.32 corresponding to the (220), (311), (400), (422), (511)
and (440) planes of Fe,O, crystal that match well with the
standard spectra (00-003-0863.CAF). The XRD was domi-
nant with the main peaks of magnetic nanoparticles which
confirmed that the coating of nanoparticles with the dextrin
resulted in a low effect on its crystallization. Moreover, the
composite material exhibits one broad shoulder at around
20° = 6-20 that is assigned to the presence of dextrin on the

magnetic nanoparticle structure [37]. After immobilization
of IL, the pattern showed a low intensity of Fe,O, peaks
which was assigned to the dilution effect or the presence of
the quaternized fragment on the nanoparticle surface which
concealed the diffraction peaks of the nanoparticles and
decreased the peaks intensity. From the XRD pattern, an
average crystallite size of 11.2 nm was determined from the
X-ray line broadening using the Scherrer equation:

D =0.9A/(p cosO) 7)

where D is the average crystallite size, A (0.154 nm) is the
X-ray wavelength used, 3 is the angular line width of half
maximum intensity in radians (0.013) and O is Bragg’s angle
expressed in degrees (18.05).

The results of EDX elemental analysis of the magnetic
dextrin and ionomer are illustrated in Figs. 1(b) and (c). The
spectra showed all expected component of the nanocompos-
ite as it shows iron, carbon, oxygen, nitrogen and chlorine.
The weight percentage of the mentioned elements is accord-
ing to Table 1. Iron, carbon and oxygen are from magnetic
nanoparticles and dextrin structure. Presence of chlorine and
nitrogen in the EDX spectra is assigned to the ionomer on
the magnetic dextrin surface. These observations strongly
confirm the successful synthesis of the ionomer.

The VSM analysis was used to study the magnetic
behavior of the nanocomposite and ionomer. The magnetic
hysteresis loops are based on the magnetization, M, vs. the
applied magnetic field, H. As can be seen in Fig. 2(a), the
prepared magnetic dextrin has exhibited a clear hysteresis
behavior with the magnetic parameters including saturation
magnetization (Ms: 46.27 emu/g), coercivity (Hc: 21.52 Oe)
and remnant magnetization (Mr: 1.95 emu/g). The value of
the Ms for the synthesized magnetic dextrin is lower than
naked magnetite nanoparticles reported in the literature
(70 emu/g) [38] owing to disorder in magnetic moment ori-
entation in the particles. In other words, magnetic nanopar-
ticles have two sub-lattices sites in their structure which
have been separated by oxygen atoms and Fe*" and Fe*" ions
coexist in the two sub-lattices. Increase the occupation ratio
of Fe** ions at the octahedral sites can lead to a decrease in
the net magnetic moment [39]. Moreover, it is known that
the contribution of the coating layers, as well as the volume
fraction of the magnetic nanoparticles, has the main effect on
the total magnetization [40]. The value of Ms for the ionomer
was 24.89 emu/g which is lower than the Ms value of the
magnetic dextrin. This can be attributed to the disaffiliation
of the IL on the total magnetization along with a low volume
fraction of the nanoparticles onto the final composite struc-
ture. The Mr and Hc of the ionomer were 0.6 emu/g and
24.95 Oe, respectively. The ratio of Mr/Ms is 0.042 and 0.024
for magnetic dextrin and ionomer which is between 0 and
1, therefore, it can be concluded that the magnetic materials
have paramagnetic property [41].

The FT-IR spectra of magnetic dextrin, as well as ionomer,
are shown in Fig. 2(b). The spectrum of the appeared
materials shows transmittance owing to the stretching
vibration of free and hydrogen bonded O-H at 3,000-
3,700 cm™. Moreover, the C-H stretching, C-O stretching and
the OH bending vibration of primary alcoholic groups and
adsorbed water could be observed at 2,915; 1,036; 1,350 and
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Fig. 1. XRD pattern of ionomer (a) and EDX spectra of magnetic dextrin and ionomer (b) and (c).

Table 1
EDX elemental analysis data of magnetic dextrin and ionomer

Elements Percentage in Percentage in
ionomer magnetic dextrin

Fe 34.1 46.61

C 10.18 16.85

O 499 36.74

N 1.51 -

Cl 3.68 -

1,600 cm™, respectively [42]. The absorption peaks at 1,459
and 1,120 cm™ relate to the CH, symmetric scissoring and
C-O-C vibration, respectively. The spectrum of the ionomer
is the same as the magnetic dextrin. According to the pattern,
the C-O stretching and the OH vibration of primary alcoholic
groups showed a decrease in the peak intensity. This can be
assigned to the chemical bonding of hydroxyl groups of dex-
trin with an IL which causes hydroxyl groups to be in a rigid
state with low vibration domain [43].

Fig. 3 showed the FESEM images of the magnetic dextrin
and ionomer. The image indicated that the nanocomposite

exhibited some bundles with an aggregated sphere-like struc-
ture. The aggregated structures are composed of nanoscale
particles. Agglomeration is owing to the intramolecular
hydrogen bonds of dextrin chain as well as the hydropho-
bic interaction between methylene groups of tertiary amine
chain which provide the stiffness of the ionomer. In other
words, the nanocomposite organizes in a rather complex
fashion where an extended intra- and intermolecular net-
work interaction is indicated as the basis of cohesion between
the nanoparticles.

The N, adsorption—-desorption isotherm for the mag-
netic dextrin and ionomer as well as corresponding Barrett,
Joyner and Halenda pore size distribution curve is shown
in Figs. 4(a) and (b). As can be seen, the curve show type II
isotherm with a minor hysteresis loop as a result of filling
and emptying of the mesopores by capillary condensation
[44]. This type of isotherm illustrates slit-shaped pores with
parallel walls. The BET surface area and pore size values are
illustrated in Table 2. As can be seen after preparing ionomer
surface area and pore volume increased. Moreover, the pore
means the diameter of the material is 8.033 and 7.540 nm.
According to the pore-size distribution, the materials are
classified as mesopores compounds [45].
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Fig. 2. VSM graph (a) and FT-IR spectra (b) of magnetic dextrin and ionomer.
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3.2. Fitting of process models

Four important variables on naproxen adsorption were
optimized with BBD method. The variables and their stud-
ied range are shown in Table 3. Moreover, the BBD was per-
formed at 29 runs in one block and the removal percentage

was selected as a response. The design matrix and experi-
mental results of naproxen removal by magnetic dextrin and
ionomer are shown in Tables 4 and 5, respectively. The regres-
sion coefficients for the developed model were calculated and

Table 3
Experimental ranges levels and independent variables for

Table 2 . . . naproxen removal by magnetic dextrin and ionomer
BET surface area data of magnetic dextrin and ionomer

Parameters Magnetic dextrin ~ Ionomer Variable —1 level +1 level

S pH 3 9

a ger (M g7) 17.27 46.10 Time 1 15

Total pore volume (cm® g™) 0.034 0.086 Dosage 5 20

Mean pore diameter (nm) 8.033 7.540 Tonic strength 1 10
Table 4
Design matrix and experimental results of naproxen removal by magnetic dextrin

Run Block A:pH B: time C: dosage D: ionic strength Removal (%)

1 Block 1 6 1 12.5 10 43

2 Block 1 6 1 5 5.5 42

3 Block 1 6 8 125 5.5 7

4 Block 1 9 8 5 5.5 60

5 Block 1 3 1 125 5.5 3

6 Block 1 6 15 12.5 1 17

7 Block 1 6 8 125 5.5 1

8 Block 1 6 1 12.5 1 33

9 Block 1 9 15 125 5.5 62

10 Block 1 6 8 20 10 45

11 Block 1 3 8 5 5.5 20

12 Block 1 3 8 20 5.5 30

13 Block 1 6 8 125 5.5 11

14 Block 1 3 8 12.5 10 34

15 Block 1 6 8 5 1 21

16 Block 1 6 15 12.5 10 37

17 Block 1 6 8 125 5.5 20

18 Block 1 3 8 12.5 1 8

19 Block 1 6 8 5 10 35

20 Block 1 6 8 12.5 5.5 20

21 Block 1 9 8 20 5.5 62

22 Block 1 9 8 12.5 1 55

23 Block 1 9 1 125 5.5 60

24 Block 1 6 1 20 55 12

25 Block 1 6 15 5 5.5 12

26 Block 1 9 8 12.5 10 55

27 Block 1 6 15 20 5.5 50

28 Block 1 6 8 20 1 25

29 Block 1 3 15 125 5.5 15
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Table 5

Design matrix and experimental results of naproxen removal by magnetic ionomer

Run Block A:pH B: time C: dosage D: ionic strength Removal (%)
1 Block 1 6 1 12.5 10 53.48
2 Block 1 6 1 5 5.5 52

3 Block 1 6 8 12.5 5.5 12

4 Block 1 9 8 5 5.5 75

5 Block 1 3 1 12.5 5.5 8

6 Block 1 6 15 12.5 1 22

7 Block 1 6 8 12.5 5.5 5.37
8 Block 1 6 1 12.5 1 43.89
9 Block 1 9 15 12.5 5.5 85

10 Block 1 6 8 20 10 58.28
11 Block 1 3 8 5 5.5 24.47
12 Block 1 3 8 20 5.5 39.16
13 Block 1 6 8 12.5 5.5 16.42
14 Block 1 3 8 12.5 10 44

15 Block 1 6 8 5 1 41.71
16 Block 1 6 15 12.5 10 47.96
17 Block 1 6 8 12.5 5.5 23

18 Block 1 3 8 12.5 1 12

19 Block 1 6 8 5 10 48.54
20 Block 1 6 8 12.5 5.5 25

21 Block 1 9 8 20 5.5 83
22 Block 1 9 8 12.5 1 62.65
23 Block 1 9 1 12.5 5.5 73
24 Block 1 6 1 20 5.5 18.16
25 Block 1 6 15 5 5.5 3.77
26 Block 1 9 8 12.5 10 85
27 Block 1 6 15 20 5.5 60
28 Block 1 6 8 20 1 45.59
29 Block 1 3 15 12.5 5.5 20.55

the empirical relationship between removal percentage (R%)
and the variables was decoded. The equation is shown below:

% Removal =1,180 + 20.33A — 0.9B + 3.73C + 7.5D - 2.5AB
- 2AC - 6.5AD + 19.7BC + 2.5BD + 1.5CD
+17.72A2+ 6.62B2 + 10.12C2 + 10.72D? (8)

% Removal = 16.36 + 26.29A — 0.77B + 4.89C +9.12D — 0.14AB
~1.67AC - 2.41AD +22.52BC +4.09BD + 1.46CD
+22.17A2 + 6.66B + 14.4C> + 16.32D° ©)

At this equation, %R is the response (removal percent-
age); A, B, C and D are pH, contact time, sorbent dose and
ionic strength as independent variables.

The significance of the coefficients was determined from F
and p values from the ANOVA calculation in Tables 6 and 7.
The regressions for the adsorption of naproxen onto magnetic
dextrin and ionomer were statistically significant which is evi-
dent from the F values (13 and 13.9) with a low probability
value (p < 0.0001). Based on the p-values of each model term,
the independent variables (A and D), interactive coefficients
(BC) and quadratic terms of A% C* and D?) significantly affected
the naproxen removal percentage. The value of R* (0.92 and 0.93
for magnetic dextrin and ionomer) was in good agreement with
adjusted R?(0.85 and 0.86) and indicated a high dependence and
correlation between the observed and the predicted values of
response. The adequate precision of 10.66 and 11.9, which mea-
sures the signal to noise ratio, demonstrated the significance of
the adsorption model since the ratio greater than 4 is desirable.
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Table 6
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ANOVA calculations for naproxen adsorption onto magnetic dextrin

Source Sum of squares df Mean square F value p-value Prob > F
Model 10,238.82 14 731.3443 13.01545 <0.0001 Significant
A-pH 4,961.333 1 4,961.333 88.29492 <0.0001
B-time 9.72 1 9.72 0.172983 0.6838
C-dosage 167.2533 1 167.2533 2.976542 0.1065
D-ionic 675 1 675 12.01271 0.0038
AB 25 1 25 0.444915 0.5156
AC 16 1 16 0.284746 0.6020
AD 169 1 169 3.007627 0.1048
BC 1,552.36 1 1,552.36 27.62675 0.0001
BD 25 1 25 0.444915 0.5156
CD 9 1 9 0.160169 0.6950
A? 2,035.98 1 2,035.98 36.23355 <0.0001
B? 283.9802 1 283.9802 5.053885 0.0412
c 663.8721 1 663.8721 11.81467 0.0040
D? 744.9532 1 744.9532 13.25764 0.0027
Residual 786.6667 14 56.19048
Lack of fit 511.8667 10 51.18667 0.745075 0.6796 Not significant
Pure error 274.8 4 68.7
Corrected total ~ 11,025.49 28
Table 7
ANOVA calculations for naproxen adsorption onto magnetic ionomer
Source Sum of square df Mean square F value p-value Prob > F
Model 16,375.72 14 1,169.69 13.90 <0.0001 Significant
A-pH 8,293.44 1 8,293.44 98.58 <0.0001
B-time 7.13 1 7.13 0.085 0.7752
C-dosage 287.14 1 287.14 3.41 0.0859
D-ionic 997.73 1 997.73 11.86 0.0040
AB 0.076 1 0.076 8989E-004 0.9765
AC 11.19 1 11.19 0.13 0.7208
AD 23.28 1 23.28 0.28 0.6071
BC 2,028.15 1 2,028.15 24.11 0.0002
BD 66.99 1 66.99 0.80 0.3873
CD 8.58 1 8.58 0.10 0.7541
A? 3,187.02 1 3,187.02 37.88 <0.0001
B? 288.01 1 288.01 3.42 0.0855
c 1,344.52 1 1,344.52 15.98 0.0013
D? 1,728.63 1 1,728.63 20.55 0.0005
Residual 1,177.81 14 84.13
Lack of fit 919.27 10 91.93 1.42 0.3923 Not significant
Pure error 258.53 4 64.63

Corrected total

N
o]

17,553.53
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To check the validity of ANOVA, a normal distribution
of residuals from the normal probability plot (NPP) was
employed. The NPP explains the systematic departures
from the assumptions that errors are normally distributed
and independent of each other and the error variances are
homogeneous [46]. The NPP is shown in Figs. 5(a) and
6(a). A straight line with low violation of the assumptions
underlying the analysis, confirms the normality of the data.
Perturbation plots in Figs. 5(b) and 6(b) show the comparative
effects of all media components on the response. Based on the
observed results a steep curvature in pH (A) and dosage (C)
curve confirmed that the adsorption process is very sensitive
to these factors. From the relatively flat line of the time (B)
and ionic strength (D) can be concluded that the response is
less sensitive to these variables. The relationship between the
predicted value of the response (%R) with observed R% is
shown in Figs. 5(c) and 6(c) and can be seen that most of the
response points are located in a narrow range.

By taking removal percentage as the response, the 3D
response surfaces (Figs. 7-10) indicate the effects of selected
parameters on the removal of naproxen.
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According to the results (from the 3D plots of pH vs.
time, pH vs. dosage and pH vs, ionic strength at Figs. 7(a)—(c)
and 8(a)-(c)), it can be seen that the removal percentage is
very sensitive to pH since in the pH range from 3 to 9, mean
removal efficiency was increased from about 15% to 85% and
5% to 62% by ionomer and magnetic dextrin, respectively.
Contact time was designed in the range of 1-15 min. From
the results (the 3D plots of pH vs. time, time vs. dosage and
time vs. ionic strength at Figs. 7(a), 8(a), 9(a), 9(b), 10(a) and
10(b)), it can be seen that with increasing shacking time
removal percentage was not changed significantly. This can
be attributed to the external surface adsorption and absence
of internal diffusion resistance. In fact, the functional groups
on the ionomer surface easily interact with the functional
groups of naproxen. In other words, fast equilibrium time
could be assigned to the availability of various adsorption
sites such as hydrophobic chain, ion exchanger fragments,
hydrogen bonding sites and pores which ready to capture
the target analyte [47].

Amount of adsorbent is the main factor which can affect
the adsorption process. In other words, inefficient interaction
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Fig. 5. NPP (a), perturbation (b) and predicted vs. actual responses (c) for naproxen adsorption onto magnetic ionomer.



342 F. Shirkavand et al. / Desalination and Water Treatment 143 (2019) 333-351

90+

28
o

50 - a8
704 i

30

204 P g

MNormal % Probabilits

LJI'-.Q-l
o
=

[
\
|

[,

oo —
A

T T
-0.23 081 1.

Internally studentized residuals

I
-127

2 (b
A:pH
B: Time A
46.75
™
:
& 313
1625
1
T T T T T
-1.00 -0.30 0.00 0.50 1.00

Deviation from reference point

62,00+ ©)

46.75

3150

Predicted

1625

1.00

T
1.00 1625

I T T
51.50 46.75 62.00

Actual

Fig. 6. NPP (a), perturbation (b) and predicted vs. actual responses (c) for naproxen adsorption onto magnetic dextrin.

at low adsorbent dosage causes low efficiency besides, high
adsorbent dosage may cause overlapping of the adsorption
sites which shield the binding sites from analyte [48]. Hence
the amount of adsorbent was also selected as a variable and
designed in the range of 5-20 mg. It is observed that the
removal efficiencies increased very slowly as the dosages of
sorbents increased which show availability of high binding
sites and high active surface area on the sorbent surface.

The effect of ionic strength was studied in the range
of 1.0%-10% (m/v). As shown in Figs. 7-10, adsorption of
naproxen increased upon addition of NaNO, salt. Based
on this observation, it can be concluded that attractive elec-
trostatic forces are not the main adsorption mechanism for
naproxen interaction with the adsorbent. In fact, at the first
step adsorbate molecules adsorbs on the ionomer surface
through ion exchange then could be stabilized by electrostatic
attraction. In other words, salt ions induce some intermolecu-
lar forces such as van der Waals force; ion-dipole forces and
dipole-dipole forces, causes dimerization of organic acids
in the solution and aggregation of organic molecules which

increase adsorption efficiency [49]. To evaluate the accuracy
of the results obtained by the model, under optimum condi-
tion (Table 8), three experiments were carried out and results
showed a good agreement between the optimum-calculated
response (64% and 94%) and mean experimental response
(65% and 93%).

3.3. Kinetic study

To quantify the changes in naproxen adsorption with
time, four kinetic models including pseudo-first order,
pseudo-second order, intraparticle diffusion and liquid film
were selected. These models can be expressed by following
equations:

log(Q, - Q) =logQ, - Kt (10)
tQ,=1/(K,Q7) + (1/Q)t 11)
Q=K +C (12)
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In(1-F)=-Kt+C (13)
in these equations, K, K, Q, and Q, are the pseudo-first-order
adsorption rate constant (min™), the second-order rate con-
stant (g mg™ min™), the values of the amount adsorbed per
unit mass at equilibrium and at any time f, respectively.
Moreover, K, and K, are the adsorption rate constants and F
is the fractional attainment of equilibrium (F = Q/Q ) [50,51].
Results of naproxen adsorption onto magnetic dextrin and
ionomer are shown in Table 9. From the results, it can be seen
thatboth Lagergren plot of pseudo-first-order model (Eq. (10))
and pseudo-second-order model (Eq. (11)) for naproxen
adsorption by magnetic dextrin were linear while the value
of Q, based on second-order plot had a lower deviation with
those obtained from the experimental data. Results also
showed that only the pseudo-second-order model has high
linearity and low Q, deviation from the experimental data for
naproxen adsorption by magnetic ionomer. This result con-
firmed that the pseudo-second-order kinetic model can better
describe naproxen adsorption onto both adsorbents.

The intraparticle diffusion model (Eq. (12)) explains
transport of analyte from the aqueous phase to the surface of
adsorbent and subsequently diffuse into the interiors of the
porous particles. This model was not linear for adsorption
process with a high intercept which showed that the intra-
particle diffusion was not the rate-limiting step. The liquid
film diffusion model (Eq. (13)), explains the role of transport
of the adsorbate from the liquid phase up to the solid phase
boundary. It can be seen that the liquid film model of mag-
netic dextrin has good linearity. The small intercept value
illustrated a role for the liquid phase, which transported the
molecules to the sorbent surface in controlling the kinetic.

3.4. Isotherm study

In this study, adsorption equilibrium between the adsor-
bents amount and naproxen concentration was studied with
Langmuir, Freundlich, Dubinin-Radushkevich (D-R) and
Temkin models. The Freundlich model corresponded to a
heterogeneous adsorption-complexation process whereas
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the Langmuir adsorption model describes a monolayer
adsorption. The Langmuir model and the Freundlich models
are shown as follows:

1/Q,=1/(CK,Q,) +1/Q, (14)

InQ, =InK.+ 1/n1nC, (15)

At the Langmuir equation, Q, is the amounts of naproxen
sorbed per unit mass of the sorbent (mg g™'), C, is the concen-
tration of naproxen in the liquid phase at equilibrium, Q  and
K, are the adsorption capacity and the Langmuir coefficient,
respectively [15,52]. The Freundlich coefficients which can be
evaluated from the slopes and intercepts of InQ vs.InC, aren
and Kf Dubinin—-Radushkevich (D-R) and Temkin isotherm
equations are shown in Egs. (16) and (17):

InQ=InQ__ -p& (16)

Q,=BInA,+BInC, (17)

where Q is the amount of analyte sorbed per unit mass of the
sorbent and C, is the amount of analyte in the liquid phase at
equilibrium. The { is the activity coefficient related to sorp-
tion energy and ¢ is the Polanyi potential that can be calcu-
lated as follows:
e=RTIn(1+1/C) (18)
In this equation, R is the gas constant (8.314 ] /mol K) and
T is the absolute temperature (K). The constant 3 is used to
calculate mean sorption energy (E) by Eq. (19). E is defined as
the free energy transfer of one mol of solute from the infinity
of the surface of the sorbent.
E=1/2p)" (19)
Temkin model (Eq. (17)) assumes that heat of adsorption
of all molecules in the layer would decrease linearly rather

than logarithmic with coverage. At the equation A, is Temkin
isotherm equilibrium binding constant (L/g), R is universal
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gas constant (8.314 J/mol/K), which represents the tempera-
ture at 298 K and B is constant related to the heat of sorption
(J/mol) [53].

According to the results in Tables 10 and 11 as well as
Figs. 11 and 12, both Langmuir and Freundlich isotherm
models showed good linearity (higher than 0.9) however,
D-R and Temkin models show low linearity.

It is not possible to select the best-fitted model based on
the linear form of the equations. In other words, the linear
form of the isotherm equation does not represent the errors
in the isotherm curves. Therefore, RMSE (root mean square
error) has studied with MATLAB R2013a software fit the
equilibrium adsorption data. According to the results in
Tables 11 and 12, the Freundlich isotherm model with lower
RMSE value with respect to other models fitted better for
naproxen adsorption [54]. The results for D-R model showed
that the magnitude of E less than 8 kJ/mol and confirmed
that adsorption is a physical process. Based on R* values
and statistic error analysis (root mean square error; RMSE),
the adsorption experimental data yielded excellent fits in
the following isotherms order Freundlich > Langmuir >

Dubinin—-Radushkevich > Temkin. As can be seen Freundlich
isotherm model can better describes naproxen adsorption
hence the adsorption followed a multilayer process.

3.5. Adsorption mechanism

The adsorption process takes place through physical or
chemical processes. Based on the results of the kinetic studies,
the naproxen adsorption onto magnetic dextrin and ionomer
followed pseudo-second-order model. Moreover, based
on the isotherm study, adsorption followed the Freundlich
model. It is known that the pseudo-second-order model is
corresponding to the chemisorption process. However, the
Langmuir model shows a monolayer adsorption process and
the Freundlich model confirms multilayer physical sorption.
Based on the above description and the experimental results,
naproxen sorption is not a net physical or chemical interac-
tion and it is along with a physicochemical sorption process.
In other words, the adsorption mechanism is complex and
both the chemical and physical adsorptions contribute at the
same time in the adsorption process.
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The composite structure contains methylene groups orig-
inated from dextrin and IL, hence it can be concluded that
hydrophobic interaction between C-H groups of naproxen
and the surface of adsorbent is the main reason for efficient
uptake of it by the nanohybrid [55]. Naproxen also has a car-
boxylic acid group (Fig. 13) which converts to carboxylate at
the working pH of 8. This can increase the density of elec-
tron in the naproxen structure hence increases the hydrogen
bonding ability of it with the functional groups on composite
surfaces. In other words, naproxen is a polar organic com-
pound hence its adsorption efficiency tends to be increased
with the increase of potential H-bonding sites on the sorbent
surface (OH and N groups). Morphology of adsorbent also
has a main role in the adsorption process. According to the
FESEM image, as synthesized ionomer tend to be aggregated
as bundles because of intramolecular hydrogen bonds of
dextrin chain as well as the hydrophobic interaction between
methylene groups of tertiary amine chain. Moreover, the BET
data confirmed that the ionomer has a pore in its structure
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which can capture naproxen molecules [47]. Other main
mechanism includes anion exchange between the ionomer
and anionic molecules of naproxen which enhances the
adsorption efficiency of the ionomer. In fact, IL on the sor-
bent surface contains chlorine which can be replaced with
anionic species of naproxen at alkaline solution pH.

Table 8
Optimum values of variables for naproxen removal by magnetic
dextrin and ionomer

Tonomer Magnetic dextrin
pH 8 9
Time (min) 10 8
Dosage (mg) 8 17
Ionic strength (%) 8 9
Calculated removal (%) 94 64

Removal

Fig. 10. 3D plots of dosage vs. time (a), ionic strength vs. time (b) and ionic strength vs. dosage (c) for naproxen removal by magnetic

dextrin.

Table 9

Data of kinetic models for adsorption of naproxen using the adsorbent

Sorbent First order Second order Diffusion model Liquid film
Q(mgg") R K, Q(mgg') R? K, Q(mgg" R? KV C R? K, C

Magnetic dextrin ~ 41.40 099 0.61 046 095 0.032 3115 071 810 5149 099 0.61 530

Ionomer 48.24 0.67 036 1.01 0.99 0.039 50.50 0.88 577 3129 067 036 1.12
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Table 10
Data of Langmuir and Freundlich isotherm for naproxen adsorption using the adsorbents
Coefficient Freundlich Coefficient Langmuir
Magnetic dextrin Ionomer Magnetic dextrin Ionomer
n 0.98 0.94 Q, 137.0 164.0
K, 3.49 2.64 R? 0.92 091
R? 0.91 0.98 K, 0.051 0.024
RMSE 29.12 9.32 RMSE 36.06 25.82
Table 11
Data of D-R and Temkin isotherm for naproxen adsorption using the adsorbents
Coefficient D-R Coefficient Temkin
Magnetic dextrin Ionomer Magnetic dextrin Ionomer
B 21.82 40.97 A, 0.49 0.24
E 0.15 0.11 R? 0.70 0.80
R? 0.76 0.77 B 286.27 92.57
RMSE 46.50 46.76 RMSE 60.26 57.58
0.08 A 6
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Fig. 11. Langmuir (a), Freundlich (b), D-R (c) and Temkin adsorption (d) isotherm plot of naproxen adsorption onto the ionomer.
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Fig. 13. A schematic illustration of the naproxen adsorption
mechanism onto magnetic ionomer.

3.6. Comparison with literature

A comparative study of naproxen adsorption using
magnetic dextrin and ionomer as well as with some adsor-
bents reported in the literature is presented in Table 12.
It can be seen that the performance of ionomer is better
than the magnetic dextrin as the adsorption capacity of
ionomer is about 16% higher than the magnetic dextrin.
This result can be assigned to the functionalization of the
magnetic dextrin with IL fragment as the ionomer also can
absorb naproxen molecules by hydrophobic interaction.
Comparing with literature, it is obvious that the perfor-
mances of the prepared sorbents are in satisfying level
since they show fast equilibrium time with high adsorption
capacity. Moreover, magnetic ionomer can be considered
as a green biosorbent owing to the employment of IL and
biopolymer in a combined structure. As a result, as syn-
thesized sorbent appear to be a promising adsorbent for
the removal of emerging micropollutants from the water.
When the prices of a number of common adsorbents are
compared in Table 12, the ionomer appear to be in the same
range as modified clay. Moreover, it is the cheapest being
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Table 12
Comparison naproxen adsorption property of prepared composite with some sorbents
Adsorbent Maximum capacity (mg g”')  Equilibrium time (min) Price (US$ g™) Ref
Porous sugarcane bagasse 166.6 90 0.0025 [4]
Amberlie XA-4 56.84 10 5.0 [7]
[B-Cyclodextrin-clay 10 120 15 [8]
Magnetic activated carbon 87.79 150 1.5 [21]
Micelle—clay 71.42 180 3.0 [56]
Imprinting polymer 3.26 10 7.0 [57]
Magnetic 3-cyclodextrin 25.71 - 13 [58]
Magnetic dextrin 137 10 3.0 This work
Ionomer 164 10 4.0 This work

resin, imprinted polymer and cyclodextrin. These data
indicate that ionomer is a good candidate for water treat-
ment because of low cost, easy to preparation and green
characteristic.

4. Conclusions

In this work, an efficient magnetic ionomer was devel-
oped based on Fe,0O, — dextrin immobilized tertiary amine and
employed for naproxen adsorption. Synthesis process was
based on the one-step synthesis of magnetic dextrin and its
reaction with tributylamine reaction in the presence of ECH
as a linker. Fabrication of IL immobilized adsorbent increases
naproxen adsorption efficiency as adsorption capacity by mag-
netic dextrin and ionomer was 137 and 164 mg/g, respectively.
This can be assigned to the anion exchange and hydrophobic
interaction capability of ionomer with the analyte. Effective
parameters on adsorption were optimized with RSM. It was
found that naproxen adsorption showed fast equilibrium time
of 10 min which followed pseudo-second-order kinetic model.
Isotherm studies and error analysis revealed that adsorption
of naproxen onto both adsorbents followed the Freundlich
model. Prepared ionomer can be used as a water purification
system as it has potential to eliminate anionic species (organic
and inorganic anions) from water. Moreover it has poten-
tial to be employed for removal of pathogens from aqueous
solutions. Employment as heterogeneous catalyst after anion
exchange process is another potential application of the nano-
composite. Other applications that have been considered and,
in some cases, test marketed on similar structures are organic
viscosifiers and drilling fluids.
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