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Abstract The present work describes the successful
functionalization/magnetization of bio-polymeric spores of
Lycopodium clavatum (sporopollenin) with /-(2-hydroxyethyl)
piperazine. Analytical techniques, i.e., Fourier transform infra-
red (FT-IR), field emission scanning electron microscope
(FESEM), energy-dispersive X-ray spectroscopy (EDS), and
vibrating sample magnetometer (VSM), were used to confirm
the formation of 1-(2-hydroxyethyl) piperazine-functionalized
magnetic sporopollenin (MNPs-Sp-HEP). The proposed adsor-
bent (MNPs-Sp-HEP) was used for the removal of noxious
Pb(IT) and As(IIT) metal ions from aqueous media through a
batch-wise method. Different experimental parameters were
optimized for the effective removal of selected noxious metal
ions. Maximum adsorption capacity (¢,,) 13.36 and
69.85mg g ' for Pb(Il) and As(III), respectively, were obtained.
Thermodynamic parameters such as free energy (AG®), entro-
py (AS°®), and enthalpy (AH®) were also studied from the ad-
sorption results and were used to elaborate the mechanism of
their confiscation. The obtained results indicated that newly
adsorbent can be successfully applied for the decontamination
of noxious Pb(Il) and As(II) from the aqueous environment.
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Introduction

Recently, industrial sectors discharge a huge amount of efflu-
ents which contains variety of highly toxic as well as persis-
tent pollutants such as dyes, phenols, pesticides, and heavy
metals (Liu et al. 2010; Saez et al. 2014; He 2015;
Meenakumari and Philip 2015; Vymazal and Brezinova
2015; Bakhshaei et al. 2016; Shahabuddin et al. 2016). The
release of the untreated effluents to the natural stream is of
great anxiety because due to rapidly growing urbanization and
industrialization, the scale of contaminated effluents is esca-
lating day by day. Industrial units like battery manufacturing
and metal pleating and finishing are renowned for the Pb(Il)
and As(III) contamination (Gupta and Rastogi 2008).
Exposure of Pb(Il) to the natural aqueous environment as a
result of different anthropogenic activities such as industriali-
zation, mining, and agriculture is becoming alarming form last
few decades (Cheng et al. 2015; He 2015). The toxicity of
Pb(II) can triggered to brain damage, mental deficiency, ane-
mia, and behavioral problem if inhaled or swallowed (Gupta
and Rastogi 2008). Due to the high toxicity of the Pb(Il), the
World Health Organization (WHO) has set maximum residual
level 10 ng mL™" in water samples (WHO 2008; Edition
2011). As(Ill) is also an omnipresent eco-toxin; its presence
in aqueous media victimizes the huge amount of masses
throughout the world (Tyrovola et al. 2007; Ali 2012). Its
short-term exposure brings about dermal, respiratory, gastro-
intestinal, cardiovascular, mutagenic, and carcinogenic effects
while chronically lead to hyper- and hypo-pigmentation,
lungs, bladder and kidney cancer, nausea, neurological


mailto:sharifahm@um.edu.my
http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-017-9820-9&domain=pdf

Environ Sci Pollut Res (2017) 24:21846-21858

21847

disorders, muscular weakness, and loss of appetite (Gohari
et al. 2013; Tang et al. 2013). In this regard, European
Union (EU) and WHO set 0.001 pg L™ as an extreme con-
tamination level for As(Ill) in drinking water (Community
1998; WHO 2008). Thus, precise monitoring, determination,
and remediation of noxious Pb(I) and As(III) metal ions from
aqueous environment is extremely important for human
health.

Therefore, it is very important to develop a new technique
that is able to remove and reduce the concentration of Pb(Il)
and As(III) in aqueous environment to permitted levels. There
are numerous technologies have been studied for low-cost and
more effective to remove heavy metals such as chemical pre-
cipitation, ion exchange, adsorption, and membrane separa-
tion (Dabrowski et al. 2004; Fadzil et al. 2016; Swarnalatha
and Ayoob 2016; Vilela et al. 2016). Among these methods,
adsorption has become one of the alternative treatments in
current years, since it can effectively remove various toxic
metals as the course of convenient design and operation
(Swarnalatha and Ayoob 2016; Vilela et al. 2016).
Furthermore, adsorption process is simple, easy, and conve-
nient approach to deal with metal-contaminated effluents
(Barakat 2011).

Different types of materials have been used for adsorption
approaches such as activated carbon, silica-based materials,
polymers, and biomass (Aguado et al. 2009; Ucar et al.
2014; Jain et al. 2015; Lapwanit et al. 2016). For adsorption
process, structure of adsorbent plays an important role in order
to enhance mechanical, chemical, and thermal stability. Bio-
polymeric spores of Lycopodium clavatum (sporopollenin)
possess tremendous mechanical, thermal, and chemical stabil-
ity. Additionally sporopollenin due the high content of func-
tional groups can be easily functionalized/magnetized
(Paunov and Stoyanov 2007). Numerous modifications on
the surface of sporopollenin have been stated by various
researchers (Cimen et al. 2014; Kamboh et al. 2016; Sener
et al. 2016).

To obtain selective adsorption of Pb(I) and As(III), amine
functionalized adsorbents are considered as eminent and was
previously reported (Georgiou et al. 2016; Nonkumwong
et al. 2016). According to Pearson acid base concept
(HSAB), this functional groups show higher selectivity to-
ward both selected metals. In addition, iron oxide nanoparti-
cles are capable to treat enormous amounts of wastewater in a
short period and also can be easily separated from wastewater
(Ibrahim et al. 2015a, b). The specific characteristics of iron
oxide nanoparticles provide a convenient tool for exploring
magnetic separation techniques (Ibrahim et al. 2015a). The
higher surface area offered by magnetic particles has im-
proved the adsorption behavior compared to that of the raw
bio-sorbent (Sureshkumar and Daniel 2016). Magnetically
modified bio-sorbent reveal promising adsorption capacity to-
ward mixed wastewaters (Sivashankar et al. 2014).

In current study, the sporopollenin was modified with 3-
cyanopropyltrimethoxysilane (CPTS) and functionalized with
1-(2-hydroxyethyl) piperazine (Sp-HEP). The functionalized
sporopollenin was magnetized with iron oxide nanoparticles
(MNPs-Sp-HEP). The combination of amine ligand and iron
oxide nanoparticles with sporopollenin enhanced the adsorp-
tion properties of sporopollenin and resulting in strong bind-
ing affinities toward selected target pollutants. The synthe-
sized of MNPs-Sp-HEP was successfully used for the removal
of Pb(II) and As(III) ions from aqueous solution. The adsorp-
tion kinetics was examined using the pseudo-first-order, pseu-
do-second-order, and intraparticle diffusion equations and the
equilibrium data fitted with two isotherm equations
(Langmuir and Freundlich). The thermodynamic parameters
(AG°, AH?, and AS°®) were also calculated.

Experiment
Chemicals

All chemicals used were analytical grade and were
used as received. 1-(2-Hydroxyethyl) piperazine
(HEP), 3-cyanopropyltriethoxysilane (CPTS), and spo-
ropollenin (Sp) were purchased from Sigma-Aldrich
(Steinheim, Germany). FeCl; 6H,O, FeCl, 4H,0, 30%
ammonia solution, and toluene were purchased from
R&M Chemicals.

Instruments

An inductively coupled plasma—mass spectrometer (ICP-MS;
Agilent 7500A series, Agilent Technologies, Palo Alto, CA,
USA) was applied for determination of the heavy metals in
this work. The surface morphology of the MNPs-Sp-HEP was
determined at 2.0 kV using a JSM-6390 field emission-
scanning electron microscope (FE-SEM) from JEOL
(Tokyo, Japan). The FT-IR spectrum was obtained using
ATR technique on a Spectrum 400 PerkinElmer in the range
of 4000450 cm™" with diamond as a detector. The magnetic
property was tested using a vibration sample magnetometer
(VSM) model 9600 (Quantum Design Inc., San Diego, USA).
Magnetization measurements were carried out in an external
field of up to 15 kOe at room temperature.

Synthesis of functionalized magnetic sporopollenin

3-Cyanopropyltriethoxysilane-modified sporopollenin
(CPTS-Sp) was prepared according to the previously reported
method (Cimen et al. 2014). Ten-gram sporopollenin was
suspended in 67 mL dry toluene and 6 mL of CPTS was
added. The mixture was then refluxed for 72 h and dried under
vacuum. Herein, the functionalization as well as
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magnetization of CPTS-Sp with HEP and Fe;Qy, respectively,
in order to obtain a new MNPs-Sp-HEP (Fig. 1) is reported for
the first time.

Functionalization of CPTS-modified Sp with HEP

Five grams of freshly prepared Sp-CPTS was added to 25% (v/
v) of HEP solution and stirred at room temperature for 15 h.
The residue was filtered and washed with deionized water.
The Sp-HEP was then dried under vacuum at 80 °C for 20 h.

Magnetization of Sp-HEP (MNPs-Sp-HEP)

Five grams of FeCl;.6H,0, 7.5 g of FeCl,.4H,0, 2 mL
5 M HCI, 15 mL distilled water, and 2 mL ethanol was
mixed in a 100-mL flask. The mixture was heated until
the salt was complete dissolved. In 10 mL of solution,
0.3 g Sp-HEP was dispersed and stirred for 2 h at room
temperature. Then, Sp-HEP was filtered. Immediately, it
was washed with distilled water and hurriedly trans-
ferred into 1 M ammonia solution. Magnetic
sporopollenin-functionalized HEP (Fig. 1) was stirred
for 2 h at room temperature before collected by external
magnet and washed thoroughly with distilled water
(Kamboh and Yilmaz 2013).

Fig. 1 Schematic routes for the
preparation of 1-(2-hydroxyethyl)
piperazine-functionalized
magnetic sporopollenin (MNPs-
Sp-HEP)

@ Springer

Adsorption experiment

The adsorption efficiency of synthesized MNPs-Sp-
HEP for Pb(I) and As(III) metal ions has been exam-
ined through adsorption procedure. The experiments
were conducted into Erlenmeyer flasks (50 mL) which
contain specific dosage (10-60 mg) of the adsorbent at
different concentrations, i.e., 5-100 mg L' of adsor-
bate (aqueous solution of Pb(II) and As(III) metal
ions). Finally, following the magnetic separation, resid-
ual concentration of Pb(II) and As(III) metal ions in
the solution was measured by inductively coupled plas-
ma mass spectrometry (ICP-MS) (Fig. 2). The adsorp-
tion capacity of synthesized MNPs-Sp-HEP and % ex-
traction of Pb(II) and As(IIl) ions was calculated using
Egs. (1) and (2), respectively.

_ V(Cofce)

Qe=—""" (1)

where g, is the adsorption capacity (mg g '), Vis the aqueous
volume (L), m is the adsorption dosage (mg), and C, (mol LY
and C, (mol L") are the residual and initial concentrations of
the Pb(I) and As(III) ions in the solution, respectively.

The percent efficiency (%E) of Pb(IT) and As(III) ions were
calculated using Eq. (2):

O0—CH;
|
S0-Si—g
“CH; Dry toluene

NH
Magnetization
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Fig. 2 Schematic procedures for
removal of Pb(IT) and As(IIT) ions -
by using MNPs-Sp-HEP RE =4

Co—C,
0

YE = x 100 (2)

Desorption and regeneration studies

To evaluate the reusability of the adsorbent, adsorption
of analytes (Pb(II) and As(Ill)) and regeneration of Pb-
loaded MNPs-Sp-HEP and As-loaded MNPs-Sp-HEP
were performed in seven consecutive cycles. In each
cycle, 10 mg L' analytes (Pb(II) and As(III)) in
10 mL of solution was mixed with 15 mg MNPs-Sp-
HEP for 15 min. The MNPs-Sp-HEP was separated
magnetically, and the supernatant was subjected to
Pb(Il) and As(III) measurements. The resultant Pb- and
As-loaded sorbent was mixed with 10 mL of 0.1 M
HNOs; solution for 5 min. Prior to the next adsorption-

Shake for 13 minutes § e

Magnetic separation

ICP-MS analysis

desorption cycle, regeneration of MNPs-Sp-HEP was
washed thoroughly with deionized water.

Results and discussion
Synthesis

The main objective of this study was to design a new organic-
inorganic hybrid sporopollenin-based magnetic material with
having heterocyclic core as well as amino functional groups
and exploration of its extraction properties toward the selected
Pb(II) and As(III) ions. To achieve the desired goal, sporopol-
lenin was modified with 3-cyanopropyltriethoxysilane. In sec-
ond step, heterocyclic core/amino functionality was achieved
by the functionalization of CPTS-Sp with HEP in the presence
of dry toluene. In order to aquire the hybrid/magnetic nature,

Fig. 3 FT-IR spectra of raw 140
sporopollenin (a), Sp-CPTS (b), d / / \Y
Sp-HEP (¢), and MNPs-Sp-HEP 130 3318 2926 2850
d 564
(d)
120 @
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110 2928  2gs4
= b 4
= 100 3358
S v 2245
2924 2854
90
1110
a
80
70 3249 e Iy 15\46
2924 £Eo8 1716
60 . !
3900 3400 2900 2400 1900 1400 900 400

cm-1
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MNPs-Sp-HEP
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0002 1.0kV 10.5mm x6.00KBE(L) . W g "‘ '
Fig. 4 FESEM images of raw sporopollenin and MNPs-Sp-HEP

the Sp-HEP was functionalized with Fe;O,4 and the resultant
hybrid MNPs-Sp-HEP was chosen as precursor.

Characterization

FT-IR spectral analysis

The FT-IR spectra of the functionalized sporopollenin
are shown in Fig. 3a—d. The spectrum of raw sporopol-

lenin (Fig. 3a) shows the characteristic adsorption bands
of hydroxyl groups (OH), a broadband ranging from

Table 1  EDS result of functionalization of sporopollenin

Element Sp Sp-CPTS Sp-HEP MNPs-Sp
-HEP

C 73.25 69.41 76.79 58.76

o 26.75 23.58 16.68 25.52

N 2.02 4.45 3.55

Si 4.99 2.05 2.59

Fe 9.57

@ Springer

3200 to 3400 cm '. The peaks at 2924 and 2854 cm !
were due to C—H symmetric and a symmetric stretching,
respectively. The peak shown at 1516 cm ' was due to
the C = C stretching vibration of the aromatic rings, and
the one at 1710 cm™' was due to the C = O stretching
vibration of a carboxylic group (Dyab et al. 2016). The
spectrum of CPTS-modified sporopollenin (Fig. 3b)
shows the characteristic adsorption bands of cyano
group (C = N) and siloxane (Si—O-Si) group stretching
at 2245 and 1110 cm ', respectively. The lower inten-
sity of carboxylic group stretching in CPTS-modified
sporopollenin (Fig. 3b) as compared to the raw sporo-
pollenin (Fig. 3a) might be due to the modification pro-
cess, and it is due to the attachment of CPTS on hy-
droxyl and carboxylic group (Fig. 3b). Frequency of
OH stretching vibration in Sp-CPTS is shifted to 3358
from 3249 cm ! (Sp) (Cimen et al. 2014). The success-
ful functionalization of Sp-CPTS with HEP can be ex-
plain on the bases of disappearance as well as shifting
of some diagnostic stretching bands in IR spectrum of
Sp-HEP (Fig. 3c). Disappearance of cyano group
(C = N) in Sp-HEP spectrum (Fig. 3c¢) confirms that
HEP was functionalized with the cyano group
(C =N), and it is a qualitative evidence for the conver-
sion of cyano group (C = N) into (C = N) group. The
frequency of secondary amine from HEP was observed
at range of 3313-3318 cm™ ' overlapping with OH func-
tional group form sporopollenin (Fig. 3c). The peaks at
3249 and 1710 cm™ ' in sporopollenin (Fig. 3a) de-
creased drastically after immobilization of CPTS shows
that the attachment of CPTS on hydroxyl and carboxylic
group (Fig. 3b) and after functionalized with HEP shift
to 1647 cm™ ' due to presence of amine (Fig. 3c).
Moreover, the sharp peak at 564 cm™ ' may be attributed
to nanoparticles (FesO4) groups obtained when Sp-HEP
was coated with Fe;O4 (Fig. 3d) (Arora et al. 2016).

—Sp_H EP-
MNPs

Magnetization of MNPs ( emu g')

e VINPS

64 -
Magnetic Field (G)

Fig. 5 The magnetic behavior of MNPs (blue) and MNPs-Sp-HEP (red)
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Fig. 6 The effect of dosage (a), time (b), pH (¢) on the sorption of Pb(II) and As(III) ions, and the zeta potential of MNPs-Sp-HEP at various pHs (d)

Field emission scanning electron microscopy

The morphology images of pure sporopollenin and
MNPs-Sp-HEP (Fig. 4) revealed that raw sporopollenin
consists of an interconnected uniform hexagonal shape
with pore structure (in the form of round microcap-
sule). The open and uniform pore structure of modified
sporopollenin showed an irregular pattern due to the
functionalization/magnetization with HEP and Fe;Oy,,
respectively, non-uniformly deposited inside the open-
ings and on the walls. It can be seen from Fig. 4 that
each pore of sporopollenin remained hollow even after
modification, functionalization, and magnetization
process.

Energy-dispersive spectroscopy

The pureness and elemental composition of sporopol-
lenin and functionalized sporopollenin were investigat-
ing using EDS. The functionalized sporopollenin was
compared with raw sporopollenin. Table 1 shows the
elemental composition for raw sporopollenin, Sp-CPTS,
Sp-HEP, and MNPs-Sp-HEP. The presence of addition-
al nitrogen, silica, and iron on functionalized sporopol-
lenin show that they are successfully functionalized/
magnetize onto sporopollenin as the natural composi-
tion of sporopollenin spores are only form hydrogen,
carbon, and oxygen.

VSM analysis

Magnetic properties were characterized by measuring
the hysteresis and remanence curves by means of
VSM. Figure 5 shows the magnetization curves of
Fe;04 and MNPs-Sp-HEP. The two curves show simi-
lar symmetrical about the origin shape which exhibits
the characteristic feature of superparamagnetism. The
Fe;04 achieved a saturation magnetization value of
63.3 emu g ' similar to that obtained from literature
(Baharin et al. 2016). After functionalized with Sp-
HEP, the saturation magnetization value dropped sig-
nificantly (15.64 amu g '). This was predicted due to
the coating contribution from a non-magnetic function-
alized sporopollenin. However, the decreases of satura-
tion magnetization give no significant difference

80.0 -
A
60.0 4
g ¢ Pb(ID)
£ 40.04
E A As(IID)
20.0 4
$
0.0 T T T T T ]
0 20 40 60 80 100 120
Ce (mg/L)

Fig. 7 Equilibrium adsorption capacities for Pb(Il) and As(III) sorption
using MNPs-Sp-HEP as adsorbent
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between the two superparamagnetic properties of
MNPs which is sufficient for magnetic separation with
a conventional magnet (Zheng et al. 2014).

Optimization of effective parameters on removal of Pb(I)
and As(III) ions

Adsorbent dosage

Figure 6a displays the influence of the adsorbent mass on the
removal of target analytes. This is due to the importance of
adsorbent amount in adsorption efficiency removal from wa-
ter samples. Five different amounts of MNPs-Sp-HEP (10—
50 mg) were used for the adsorption of 10 ppm of Pb(II) from
10 mL deionized water samples. The adsorption efficiencies
of Pb(Il) and As(Ill) are directly proportional to the mass of
adsorbent due to an increase in adsorption sites, and thus,
more analyte can occupy these sites. Beyond the 25 mg of
the adsorbent dosage, there is no significant increase and ad-
sorbent becomes almost constant. The result indicated that
MNPs-Sp-HEP has reached the adsorption equilibrium, where
the maximum capacity of the adsorbent was reached.
Consequently, 25 mg was selected for the subsequent
experiments.

Effect of pH

The pH of the solution plays an important role in the adsorp-
tion characteristics of Pb(Il) and As(II). Figure 6¢ displays
the removal of Pb(II) and As(III) at different pH values. The
increase of the pH of the solution up to pH 6.5 increased the
percentage removal of Pb(Il) ions due to the electrostatic
interaction between Pb(II) and negatively charged surfaces
(Fig. 6d). Significant 95% was acquired at pH 6.5. The low-
er percentage removal of Pb(II) at low pH might be due to
the competition between Pb”* and H* with active sites and
repulsion of Pb** and protonated amine. Meanwhile, the
percentage removal of As(IIl) is optimum from pH 3.5 to
5.5. After this point, based on zeta potential result (Fig. 6d)

Fig. 8 Langmuir isotherms of
removal of Pb(Il) and As(IIl) by
MNPs-Sp-HEP

qe/Ce
N W AR N 0 0

y =0.075x + 0.079
R>=0.998
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4 ] R* = 0.9543
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;| n
£ 25 /./’0 @ Pb(II)
= e m As(IID)
] y=0.1519x + 1.9434
¢ 1'? R* = 0.9202
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In Ce

Fig. 9 Freundlich isotherms of removal of Pb(II) and As(III) by MNPs-
Sp-HEP

at higher pH, surface of the adsorbent become more nega-
tively charged due to deprotonation of C = N and acidic
group of particle surfaces (Binks et al. 2011). Hence, the
percentage removal of As(Ill) was decreased due to repul-
sion between dominant species of As(IIl), H,AsO; , and
negatively charged surfaces.

Effect of contact time

Figure 6b shows the effect of the adsorption time on
the removal of Pb(II) and As(IIl) ions. As predicted, as
the contact time increase, the percent of removal for
the both metal ions also increase until reached steady
state values. In this study, the rapid uptake kinetics can
be attributed to the hydroxyl group and nitrogen unit
of nitrile and amine group from HEP. Thus, 15 min
was enough to remove both metal ions and selected
for further analysis of Pb(II) and As(III).

Adsorption isotherm

Optimization the design of an adsorption process is impor-
tance to study the interaction of adsorbate with adsorbents
(adsorption isotherms). Adsorption study was carried out
using different concentrations of Pb(II) and As(IIl) (5—

0.5
0.45 1
04
0.35 1
03 1
0.25 |
*Pb(ID) 02

0.15 A

0.1

0.05

y=0.0131x +0.0619
R2=0.9845 A

qe/Ce

AAs(II)
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Table 2 Langmuir and
Freundlich model constants and Isotherms Equation Isotherm Pb(ID) As(III)
coefficient of determination for constant
adsorption of Pb(Il) and As(III) ]
on MNPs-Sp-HEP Langmuir
. 2
Linear G_c. G R 0.9745 0.9747
9o 4o 4e Gm 11.92 75.19
K, 435 0.24
Non-linear c
9 = 9K 1765
Freundlich
Linear 5
I InKr+LlinC R 0.9202 0.9543
nq,= - .
e P Ky 6.98 15.09
1/n 0.1519 0.4676
Non-linear q.=KpC,"

100 mg L") at pH 5.5 (Fig. 7). When the concentrations of
Pb(Il) and As(Ill) were increased, ¢, also increased until it
reached equilibrium at higher concentrations since at high
concentration adsorption sites were saturated. The adsorption
mechanism of Pb(II) and As(IIl) on MNPs-Sp-HEP was stud-
ied by using adsorption models, namely, Langmuir and
Freundlich.

The Langmuir model was established to represent
chemisorption which assumes a monolayer deposition
on a surface with a finite number of identical sites.
The equation is valid for a homogenous surface (Chou
et al. 2011). Therefore, at equilibrium, a saturation point
is reached where no further adsorption can occur (Fig.
7). The non-linear expression of Langmuir isotherm is
represented by the following equation:

C

e
—_— 3
1 + CeKL ( )

9e = 4uKi-
where ¢, is the corresponding adsorption capacity, C, is the
equilibrium ion concentration in the solution, g, is the adsorp-
tion capacity, and K is the energy or net enthalpy. The plot
of g, vs. C, for the sorption is plotted (Fig. 7).

The non-linear expression of Freundlich isotherm
model is an empirical equation that describes the
heterogonous adsorption energies on the adsorbent

surface (Fadzil et al. 2016), and multilayer adsorption
is controlled by physisorption (i.e., van der Waal’s in-
teraction), which can be written as

(4)
q, = KFCgl/n

where K and n are the Freundlich constants related to
the adsorption capacity and adsorption intensity, respec-
tively; gq. is the equilibrium solute concentration on ad-
sorbent; and C, is the equilibrium concentration of the
solute. According to Eq. (4), the plot of ¢, vs. C, is
plotted (Fig. 7).

Linear forms of the isotherms models are also wide-
ly adopted to determine the isotherm parameters or the
most fitted model for the adsorption system due to the
mathematical simplicity. The linear form of Langmuir
is expressed as

(5)
C, C. 1

de  qm  Gub

where ¢, is the amount of solute sorbed on the surface
of the sorbent, C, is the equilibrium ion concentration
in the solution, ¢,, is the maximum surface density at

Table 3 Thermodynamic

parameters for sorption of Pb(II) Target analyte Temperature (K) AG° (K mol ) AH° (kJ mol ") AS® (Jmol ' K71
and As(Ill) of MNPs-Sp-HEP
Pb(IT) 293 —2.73 —47.47 0.17
303 —4.12
313 —6.16
As(III) 293 —-2.38 —63.46 0.22
303 —-5.34
313 —6.86
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Table 4 Kinetic modeling

constants and coefficient of Model/isotherm constant

Equation/value for Pb(II) Equation/value for As(III)

determination for adsorption of
Pb(I) and As(IIT) on MNPs-Sp-
HEP

Pseudo-first-order
ky (min™")
ge(mgg™)
R
Pseudo-second-order
I (g mg71 minﬁl)
ge(mgg ™"
R?
Intraparticle diffusion
Kig, 1
G
R/
Kiqg, 2
G
R’

n(ge—q)=mgqg.—kt In(ge—q)=Ing,—k t

-0.003 -0.0068
5.58 1.08

0.634 0.661

ilq, = 1/ky .2 + /g, g, = 1k, ¢ + /g,
0.115 0374

531 5.33

0.999 0.999

¢ =kat"? + C; ¢ =kat'"? + C;

0.38 0.12

32 1.72

0.956 0.966

0.2 0.02

4.04 2.14

0.904 0.962

monolayer coverage, and b is the Langmuir adsorption
constant. The plot of 3— vs. C, for the sorption gives a

straight line of slope ql (Fig. 8).

The linear form of Freundlich isotherm model is represent-
ed as

| (6)
Lng,=LnKr+—LnC,
n

where K and n are the Freundlich constants related to
the adsorption capacity and adsorption intensity, respec-
tively; gq. is the equilibrium solute concentration on ad-
sorbent; and C, is the equilibrium concentration of the
solute. According to Eq. (6), the plot of In ¢, vs. In C,
gives a straight line, and Kr and n values can be cal-
culated from the intercept and slope of this straight line
(Fig. 9).

Analysis of the experimental data using non-linear equa-
tion and linear of Langmuir and Freundlich isotherm showed
an opposite result. R* was used to measure the strength of the
model by determining the closeness of R* value to the unity. In
this study, the R* values of linear analysis for Pb(Il) exhibit
higher than R? values of non-linear analysis for both iso-
therms. However, a contradicting result is shown for As(III).
R? values for non-linear analyses for both Langmuir and
Freundlich isotherms are higher than linear analysis, hence
implying that the Pb(Il) is best fitted to linear analysis and
As(IIT) is best fitted to non-linear analysis for both isotherms.
In addition, the R? values for both isotherms showed that
Pb(I) and As(III) fitted well with both isotherms.

The constant parameters (Kp 1/n, ¢,, and K;) of
isotherms estimated by linear and non-linear expressions
were presented in Table 2. Based on the calculation,
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Freundlich model showed that theoretical g, was com-
parable with experimental g, because the exponent is
between 1 < n < 10. This trend showed favorable ad-
sorption for Pb(II) and As(III) onto MNPs-Sp-HEP
adsorbent.

Thermodynamic studies

Thermodynamic parameters including enthalpy changes
(AH®) and entropy changes (AS°) were obtained from Eq.
(8), and Gibbs free energy changes (AG®) was calculated
according to Eq. (7) to study the adsorption behaviors:

AG'=-RT InK (7)
nK = A—SA—ﬁ (8)
R RT

where K (L/mol) is from Langmuir equation, R is the gas
constant (8.314 J/mol K), and T'is the temperature in Kelvin.
In the plot of In K against 1/7, the AH® and AS® values are
calculated from the slope and intercept of the plot.

The thermodynamic parameters are listed in Table 3.
Negative AG® values are obtained at different temperature,
showing that the adsorption process is possible and spontane-
ous and required energy from outside of the system. As the
temperature increases, the value of AG® is decreasing, sug-
gesting that the spontaneous nature of adsorption increases as
the temperature goes down.

The negative values of AH®, demonstrating the exothermic
nature of adsorption and the positive values of AS°, suggest
that the organization of the adsorbate at the solid-solution
interface becomes more random as ion replacement reaction
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Fig. 10 Pseudo-first-order (a), pseudo-second-order (b), intraparticle
diffusion (c), and g, vs. time for Pb(Il) and As(IIl) ions on immobilized
sporopollenin

occurred, while negative values suggest the opposite fact
(Daraei et al. 2015; ALOthman et al. 2016).

Adsorption kinetic

Different kinetic models were carried out to study the
time required for the adsorption equilibrium to be
reached and condition under which there is no variation
in adsorption capacity. In this study, the pseudo-first-

the slope and the intercept of the graph #/q, vs. t, respectively.

Fig. 12 Proposed mechanism of interaction between metal ions and
MNPs-Sp-HEP
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By comparing the correlation coefficient (R?) value from
both first-order and second-order kinetics (Table 4), it can be
concluded that the experimental data followed pseudo-
second-order kinetic and involves chemisorption mechanism
(Journal et al. 2010), which revealed that the adsorption pro-
cess is driven by a chemical reaction occurring at the exposed
surface.

Sporopollenin has porous structure; therefore, the adsorp-
tion process on porous sorbents was described by intraparticle
diffusion, wherein mass transfer within the sorbent particles
may involve a short-range diffusion in both the fluid and
adsorbed phase (Unlii and Ersoz 2006; Nair et al. 2012).
The model is expressed with the equation given by Weber
and Morris.

(11)
q, = kat'? + C

where ¢, and k;y are the amount of metal ions adsorbed
at time ¢ and intraparticle diffusion rate constant, respec-
tively, whereas C; is the intercept which gives the idea
about the thickness of the boundary layer. Intraparticle
diffusion values (Table 4) were obtained from linearity
of g, vs. t'? plot. Figure 10c shows two-part linearity;
i.e., mass transfer (first stage) and equilibrium part (sec-
ond stage) for intraparticle diffusion model revealed that
Pb(II) and As(IIl) ion adsorption was conducted in two
separate regions with two straight lines. First part with a
sharp slope showed that the adsorption rate is fast and
adsorption is favorable on the surface. The second part
with slow slope shows that the adsorption rate is slow
and intraparticle diffusion is not involved in adsorption
(Nodeh et al. 2015).

Regeneration of MNPs-Sp-HEP

The restoration of adsorption capability is a crucial fac-
tor in practical application of the adsorbent. The adsorp-
tion of heavy metals observed on MNPs-Sp-HEP at low
pH implies that acid treatment is a feasible approach to
regenerating the heavy metal-loaded adsorbent.

Due to the stability of MNPs-Sp-HEP under acidic condi-
tions, Pb- and As-loaded adsorbent was regenerated using
0.1 M HNO; solution and the regeneration adsorbent was
reused in adsorption in seven consecutive cycles. Adsorption
efficiency of the regenerated adsorbents was shown in Fig. 11.
The adsorption capacity had decreased slightly by first five
adsorption-regeneration capacity cycles, and drastically
dropped at cycles 5 and 6 for As(IIl) and Pb(II), respectively.
This is might be due to the partial breakup of outer MNPs-Sp-
HEP shell and cell walls at high concentration of nitric acid
(Sener et al. 2014).

@ Springer

Mechanism

The adsorption mechanism of Pb(II) and As(III) metal ions on
MNPs-Sp-HEP was explained in Fig. 9. Pb(I) and As(III)
metal ion adsorption mechanism for the MNPs-Sp-HEP ad-
sorbent is highly pH dependent and can be explain as follows:
since MNPs-Sp-HEP contains nitrogen and oxygen groups,
these N and O groups are highly electronegative due to the
abundance of free lone pair of electrons. These lone pair elec-
trons shows binding abilities toward the Pb(Il) and As(III)
cation as represented in Fig. 12.

Conclusion

The magnetic sporopollenin-functionalized 1-(2-hydroxyethyl)
piperazine was successfully synthesized, characterized, and
employed as an promising adsorbent for the removal of Pb(II)
and As(IIl) ions from aqueous solution prior to ICP determina-
tion. The MNPs-Sp-HEP is suitable for extraction operation as it
provides outstanding magnetically separation, stabilization in
aqueous sample, and quick process. Adsorption experimental
data of Pb(II) and As(III) fitted well with both isotherms. Kinetic
model performed that the adsorption rate was controlled by
pseudo-second-order. Thermodynamic study showed that
Pb(II) and As(IIl) adsorption on MNPs-Sp-HEP are spontane-
ous and exothermic process due to negative energy of —AG and
—AMH, respectively. The positive value of AS shows that the
organization of adsorbate at the solid/solution interfaces be-
comes more random. The chelating effect of MNPs-Sp-HEP
increased to the sorption of heavy metal ions compared to raw
sporopollenin. Overall, it can be concluded that the proposed
sorbent system is practical and efficient for the removal of heavy
metals from aqueous environment with advantages of being
inexpensive and largely available.
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