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Matrix-dispersed magnetic molecularly-imprinted
polyaniline for the effective removal of chlorpyrifos
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We report a new adsorbent nanocomposite material based on matrix-dispersed superparamagnetic iron
oxide nanoparticles (SPIONs) in molecularly-imprinted polyaniline for the removal of chlorpyrifos (CPF),
a hazardous organophosphate pesticide, from water. The synthesized magnetic molecularly-imprinted
polymer (MMIP) was characterized by FTIR spectroscopy, XRD, magnetic susceptibility, DLS, zeta
potential measurement, SEM and high-resolution TEM imaging. The average size of the naked SPIONs
ranges from 15 to 30 nm according to the high-resolution TEM analysis. Moreover, the adsorption
kinetics, thermodynamic parameters (AG, AH and AS), adsorption isotherms and rebinding conditions
were investigated in detail. The proposed MMIP has an imprinting factor of 1.64. In addition, it showed
a high experimental adsorption capacity of 1.77 mg g+ and a removal efficiency of nearly 80%. The
fabricated MMIP material demonstrated excellent magnetic susceptibility allowing for easy separation
using an external magnetic field. The adsorption mechanism of CPF onto the MMIP adsorbent followed
the second-order kinetics model and fitted to the Temkin adsorption isotherm. By studying the
adsorption thermodynamics, negative AG values (—1.955 kJ mol™! at room temperature) were obtained
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Introduction

Water pollution has become one of the most serious issues
facing people at the present time, especially with the huge
population increase that requires a corresponding increase in
drinking and irrigation water resources. The global water crisis
is not only due to the scarcity of water resources, but also due to
the progressive deterioration of water quality that leads to
noticeable reduction in the quantity of water suitable for safe
use. There is a tight link between the global water-quality crisis
and agriculture due to the heavy use of pesticides/herbicides for
agricultural purposes, causing serious contamination to a large
amount of municipal/surface water. In addition, agricultural
causalities of water pollution have overtaken industrial and/or
settlement-based contaminations. On the other hand, the
increasing food demand intensifies the agricultural pressure on
the global water quality. Nutrients/fertilizers, pesticides,
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was obtained at room temperature (ca. 303 K), neutral pH and using a high CPF concentration.

herbicides, fungicides, salts, sediments, metals, organic matter,
pathogens (e.g. bacteria), drug residues, hormones and feed
additives are the major agricultural sources of surface munic-
ipal water pollution.

Acute poisoning with highly hazardous pesticides, used by
poor farmers in developing countries, can cause significant
human/animal mortality and morbidity worldwide." From
these pesticides, chlorpyrifos (CPF; IUPAC name: O,0-diethyl
0-3,5,6-trichloro-2-pyridyl phosphorothioate; molar mass:
350.6 g mol ) is one of the most hazardous organophosphate
pesticides (Scheme 1). Although CPF has low solubility in
water at room temperature (6.36 + 0.58 mg L %) it is
considered one of the most hazardous water contaminants
due to its very high toxicity. Therefore, due to the sustained
discharge of CPF from soil to water, it is necessary to develop
new selective, efficient and cost-effective sorbents for the
removal of CPF from water.
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Scheme 1 Chemical structure of CPF.
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The emergence of enzyme-analog built polymers, nowadays
known as molecularly-imprinted polymers (MIPs), in the
1970s introduced a new kind of target-specific polymeric
materials.>” These materials have found a very wide range of
applications in different areas, including chemical sensing,*™**
adsorption,"*™® catalysis,"”” biology,'® etc. Combining MIPs
with superparamagnetic iron oxide nanoparticles (SPIONs)
enables the control of the produced nanocomposites using an
external magnetic field.** SPIONs also provide the advantages
of being biocompatible and easy-to-synthesize.*® Recently, the
attention of many researchers has been grasped by the use of
magnetic nanomaterials for the removal of hazardous
contaminants, including pesticides, from water.”*** The
removal of CPF from water via bioremediation,***® Fenton
reaction,”** graphitic carbon nitride-incorporated chitosan®*
and metal nanoparticles® was reported in the literature. CPF-
selective MIPs and magnetic MIPs (MMIPs) were also reported
using different kinds of polymers either for extraction/pre-
concentration or removal of CPF.**?** Most of these MIPs/
MMIPs are based on functional monomers that require
a high-temperature medium and a very long polymerization
time. In addition, crosslinking agents and inert atmospheres
are often required. Some studies reported the use of
molecularly-imprinted polyaniline (PANI) for various applica-
tions including water treatment,**** sensor applications,*>**
etc. The recent interest in PANI applications is due to its
unique properties which include, but are not limited to, the
ease of fabrication, low cost, high stability, high electrical
conductivity, etc. Besides, PANI preparation does not require
a high-temperature polymerization medium nor a cross-
linking agent.

The objective of the present study is to prepare a MMIP-
based nanocomposite adsorbent for the effective and selec-
tive removal of CPF from contaminated water. The proposed
MMIP nanomaterial is based on SPIONs dispersed in an
imprinted PANI matrix. Bulk polymerization of aniline is very
rapid and takes place at low temperature; thus allowing for
facile scaling up of the MMIP-fabrication process. In the
following sections, the MMIP preparation procedure, charac-
terization techniques and CPF adsorption experiments will be
discussed.

Materials and methods
Materials

Chlorpyrifos, a product of Excel Crop Care Limited, was
provided by El Nasr for Intermediate Chemicals (Egypt) and
was used as a template. For the synthesis of the molecularly
imprinted polyaniline, aniline (Al-Alamia for Chemical
Industries, Egypt), dimethyl sulphoxide (Oxford Lab Fine
Chem LLP, India) and ammonium persulphate (APS, Veb-
Laborchemie Apolda, Germany) were used. Ethylene glycol
(Honeywell International Inc., USA), ferric chloride hexahy-
drate (FeCl;-6H,0, Daejung Chemicals and Metals, South
Korea) and anhydrous sodium acetate (ADWIC, Egypt) were
utilized in the solvothermal synthesis of SPIONs. Ethyl alcohol
was obtained from the International Company for Medical
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Industries (Egypt), methyl alcohol and hydrochloric acid were
purchased from Alpha Chemika (India), and glacial acetic acid
was provided by Piochem (Egypt). All reagents were of analyt-
ical grade and were used without any further purification.

Instrumentation

An evolution 60 Thermo Scientific Spectrophotometer (USA)
was used to detect/quantify the concentration of CPF at
290 nm using a 1 cm quartz cell. To study the surface
morphology and particle size, field-emission scanning elec-
tron microscopy (FE-SEM) and high-resolution transmission
electron microscopy (HRTEM) were used with the aid of
a VEGA3 TESCAN (Czech Republic) and JEOL JEM-2100
(Japan), respectively. The particle size and zeta potential (ZP)
of naked SPIONs and MMIPs were determined by a Malvern
Panalytical instrument (UK). Fourier transform infrared
spectra (FTIR) were recorded using a Nicolet 6700 ATR-FTIR
spectrometer (Thermo Scientific, Germany). The magnetic
properties were investigated with a vibrating-sample magne-
tometer (VSM) (Lakeshore, model 7410). Magnetite crystallo-
graphic structure was confirmed by measuring the X-ray
diffraction (XRD) spectra (Discover-D8, Bruker, USA).

Preparation of SPIONs

Superparamagnetic Fe;O, nanoparticles were prepared via the
modified solvothermal method.***¢ Briefly, 2 g of FeCl;-6H,0
and 6 g of anhydrous sodium acetate were dissolved in 65 mL
of ethylene glycol. This solution was transferred to a Teflon-
lined solvothermal reactor and then heated to 200 °C in the
oven (Heraeus, Thermo Electron Corporation, Germany) for
12 h. The prepared black magnetite nanoparticles were left to
cool at room temperature, separated with an external magnet,
washed several times using distilled water and ethanol to
effectively remove the solvent, and then vacuum dried at room
temperature for 24 h. The solvothermal reactor must be
completely dry to prevent the formation of any iron oxide but
magnetite.

Preparation of MMIPs

First, 1 mL (ca. 10.95 mmol) of aniline as a functional mono-
mer and 1 g of SPIONs were mixed in 25 mL of HCI (1 mol L™")
and stirred constantly at 4 °C. Thereafter, 0.96 g (ca. 2.74
mmol) of CPF - as a template - were dissolved in 20 mL of
DMSO and added to the above mixture in a dropwise manner
with constant stirring.”” After mixing, 1.21 g (ca. 5.48 mmol) of
APS - as an initiator - were dissolved in 5 mL of 1 mol L' HCI
and dropped onto the mixture for about 1 h with constant
stirring. The solution was stirred continuously for 6 h in an ice
bath. The appearance of a dark green color indicates the
formation of emeraldine salt of polyaniline (PANI), Fig. 1.
Magnetic non-imprinted polymer (MNIP) was prepared by
following the same procedure but without the addition of the
template, CPF.

The obtained PANI/SPIONs nanocomposite was collected
from the suspension with a strong magnet, and then washed
thrice with distilled water. Subsequently, CPF was removed
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Fig.1 Schematic illustration summarizing the synthetic steps of the MMIP and its use in the treatment of CPF-contaminated water at neutral pH.

from the PANI/SPIONs nanocomposite via repeated washing
with a mixture of methanol and 1% acetic acid solution (9 : 1, v/
v) until no CPF could be detected spectrophotometrically at
290 nm, and then the resultant solid was washed several times
with methanol to remove the excess acid. The resulting MMIP
was left overnight to dry at room temperature. It is worth
mentioning that the prepared MNIP was treated similarly to
minimize any systematic errors.

Adsorption experiments

The adsorption of CPF in aqueous solution was studied by the
batch-mode adsorption technique. All the adsorption experi-
ments were carried out in 50 mL glass-stoppered Erlenmeyer
flasks containing 0.2 g of the adsorbent and 10 mL of CPF
solution of the appropriate concentration at room temperature.
The suspension was placed in a temperature-controlled shaker
(Clifton, UK) with a shaking speed of 400 rpm. Working CPF
solutions (15-45 mg L™') were prepared shortly before each
experiment by dilution of a 1000 mg L, " CPF stock solution with
a methanol/water mixture (3 : 7, v/v).

The effect of pH on CPF adsorption was studied by using
working solutions of different pH values (pH 2-10) adjusted by
0.1 mol L™ " hydrochloric acid and sodium hydroxide solutions.
The pH of the prepared solutions was measured using a JENCO
6173 pH meter.

After reaching the adsorption equilibrium, the adsorbent was
separated by an external magnetic field. The remaining super-
natant was filtered and the concentration of CPF was determined
using a standard curve by measuring the absorbance at 290 nm.
The %removal of CPF was calculated from eqn (1).

39770 | RSC Adv, 2021, 11, 39768-39780

(CO - Ce)

o x 100 (1)

%Removal =
where C, and C. are the initial and equilibrium concentrations
of CPF in mg L™, respectively.

The amount of adsorbed CPF on the MMIP (a.k.a. adsorption
capacity) was calculated according to eqn (2):

o= Oy ®)

where g. (mg g™ ") is the adsorption capacity, C, and C. are the
initial and equilibrium concentrations of CPF (mg L),
respectively, V is the solution volume in litres and m is the
adsorbent mass in grams.

Thereafter, the imprinting factor (IF) was calculated as the
ratio between the binding capacity of MMIP and that of the
corresponding MNIP according to eqn (3).

IF — Omwmrp) 3)
O(mMnIp)

Adsorption kinetics

The pseudo-first-order, PFO, (eqn (4)),**** pseudo-second-order,
PSO, (eqn (5))*** and the intraparticle diffusion, IPD, (eqn
6))*** kinetic models were implemented to study the adsorp-

1849 kineti del impl d dy the adsorp
tion process of CPF on the surface of the MMIP particles.

q =gl —e ™ (4)
t 1 t
= 4= 5
q kgl qe 5)
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0= kit + 1 (6)

where g is the adsorption capacity (mg g~ ') after a certain
contact time, ¢ is time (min), k; is the PFO rate constant
(L min™") (k, is equal to the slope of a plot of In(g. — q) against
t), k, is the PSO rate constant (g mg ™" min ") (k, can be obtained
from the slope and intercept of the straight line obtained by
plotting ¢/q versus t), and kyq is the intraparticle rate constant
(mg g~ min—3).

Adsorption isotherms

Freundlich, Langmuir and Temkin isotherms. Studying
adsorption isotherms is crucial for understanding the release/
retention of an adsorbate to an adsorbent through aqueous
media. The adsorption isotherm is a plot that describes the
adsorption equilibrium at constant pH and temperature.*®
Langmuir (eqn (7)), Freundlich (eqn (8)) and Temkin (eqn (9))
isotherms are the most common and traditional isotherm
models used. Both models were applied in the present study in
order to investigate the release/retention of CPF to/by MMIP in
aqueous solution.

C. 1 1
e S ol 7
de GmaxD  Gmax @)
1
log g. = log Kg + ;log C. (8)
qe = HlnATJrﬂln C, 9)
br br

where ¢, (mg g ') is the equilibrium adsorption capacity, C,
(mg L") is the equilibrium concentration, gm.. (mg g~ ') is the
maximum adsorption capacity, b is the Langmuir constant, Ky
is the Freundlich adsorption coefficient related to the mate-
rials adsorption capacity, 1/n is a constant the describes the
heterogeneity of the adsorbent surface, R is the universal gas
constant, T is the absolute temperature in kelvin, b is the
Temkin isotherm constant, and A (L g ') is the Temkin
isotherm equilibrium binding constant.

In Langmuir isotherm, a linear regression of Ce/q. vs. C. was
plotted to calculate gnax and b constants. Meanwhile, a plot of
log g. versus log C. can be used to determine 1/n and Kg
constants from Freundlich isotherm. Similarly, the slope and
intercept of a plot of g. versus In C. in Temkin equation can be
used to calculate by and Ay constants.

Scatchard plot. By using the Scatchard analysis, the total
amount of bound CPF divided by its free concentration (g./C.)
was plotted versus the total bound amount of CPF, g, (mg g™ ).
For a single kind of adsorbent, the slope of the linear plot
obtained from Scatchard analysis is equal to —K, the associa-
tion constant for the binding of adsorbate (CPF) to the
adsorbent (MMIP), while the x-intercept can be used to
calculate the number of binding sites (Bmax). See eqn (10)
below for Scatchard analysis.

qe
- = K(Bmax - qe)

& (10)
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Hill plot. Hill plots define a saturation fraction, v, equal to
the amount of bound adsorbate (g) divided by the number of
binding sites, gmax- The value of log(v/(1 — v)) is calculated and
plotted against log C, where C is the concentration of the
adsorbate CPF (eqn (11)). A slope of 0.1 < Q < 0.9 is the Hill
coefficient, s, and is an index of cooperativity.

log {l—zv} =logK+hlog C (11)

Adsorption thermodynamics

Adsorption thermodynamics was studied by incubating 0.2 g of
MMIP in 10 mL of 20 mg L™ " CPF solution for the equilibration
time while keeping mechanical shaking at 400 rpm. The
experiment was repeated at different test solution temperatures
(ca. 303-333 K). Thereafter, the adsorption equilibrium
constant (K,) was calculated at the studied temperatures from
eqn (12); Liu reported that at low concentrations the distribu-
tion constant (K.) is equal to the adsorption equilibrium
constant.’® The obtained K, values were used to calculate the
adsorption thermodynamic parameters (AH and AS) from Van't
Hoff equation (eqn (13)) via plotting In K, vs. 1/T. Moreover, the
change in Gibbs free energy (AG) was calculated from eqn (14).**

Ko = Codl C. (12)

AH AS
anC_ana_7ﬁ+? (13)
AG = AH — TAS (14)

where C,q is the concentration of adsorbed CPF, C. is the
equilibrium concentration of CPF, AH is the enthalpy change,
AS is the entropy change, R is the universal gas constant and T'is
the absolute temperature.

Results and discussion
Characterization of MMIP

The materials synthesized in the present work were character-
ized by means of the following characterization techniques to
confirm the formation of crystalline cubic magnetite crystals
and to prove the efficient synthesis of the desired nano MMIP.

FTIR. FTIR analysis is one of the powerful characterization
techniques of functionalized/composite nanomaterials. This
technique can give valuable information about the presence of
certain functional groups in the synthesized nanomaterial;
thus, FTIR spectra were recorded to confirm the formation of
the imprinted as well as the non-imprinted PANI/SPIONSs
nanocomposites. The infrared absorption spectra of CPF,
PANI, washed MMIP and unwashed MMIP (MMIP-CPF) were
recorded over the spectral window 4000-400 cm ™.

The FTIR spectrum of naked SPIONs (Fig. 2) demonstrated
a characteristic band at about 580 cm " corresponding to the
Fe-O bond stretching. A sharp band appearing at about
1628 cm™ ' indicates the presence of a carboxylic-metal (Fe-
COO) linkage which may be responsible for the surface negative
charges of SPIONs. In addition, the presence of hydroxyl groups

RSC Adv, 2021, 11, 39768-39780 | 39771
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Fig.2 FTIR spectra of dry solid CPF, SPIONs, PANI, washed MMIP and
unwashed MMIP (MMIP-CPF) samples over the spectral window of
4000-400 cm™,

was confirmed with the broad band appearing at 3650-
3000 cm .2

Confirming the association of PANI with SPIONs necessi-
tates the investigation of the FTIR spectrum of PANI. The
synthesis of emeraldine salt of PANI was confirmed via the
presence of some characteristic bands.*® For instance, the band
at 800-700 cm ™" was assigned to C-H in-plane bending and 1,4-
disubstituted benzene. The strong broad band positioned
around 1000 cm ' is attributed to the bond vibrations of
-NH'=, Q=NH"'-B, or B-NH""-B, where B is the benzenoid
unit and Q is the quinonoid unit.> This band also confirms the
dihedral angles distribution between B and Q rings as well as
the presence of positively charged moieties in the PANI chain;
thus indicating the emeraldine salt structure. In the paper
published by Prashar and Nihal,** the two absorption bands
appearing at 1375 and 1635 cm™ ' were assigned to the quino-
noid and benzenoid rings, respectively. The absorption band
demonstrated at 1225 cm ™" is due to the C-N** bond. Moreover,
the bands at 1400 and 1545 cm ™" are attributed to C=N and
C=C stretching vibrations, respectively. The broad absorption
band higher than 2000 ecm™ is a typical band of conducting
PANI.*® Aromatic C-H stretching was observed via the several
weak-to-moderate bands appearing at 3300-2880 cm™'. The
absence of the hydroxyl band at 3500-3300 cm " negates the
presence of bound water; indicating that the PANI sample was
well dried prior to the FTIR measurement. Coming to the FTIR
of MMIP, the presence of the absorption band at 580 cm™" is
attributed to SPIONs. Moreover, all the above-mentioned
absorption bands characteristic to PANI were observed in
MMIP spectrum, indicating the successful synthesis of MMIP.

The FTIR spectrum of CPF (Fig. 2) shows characteristic
absorption bands at 2986, 1551, 1413, 1272, 1169, 1019, 970,
828 and 674 cm™ ' that can be assigned to C-H stretching, C-O
stretching, C=N stretching, pyridine stretching, ring vibration,
ring breathing, P-O-C, P=S stretching and C-Cl stretching,

39772 | RSC Adv, 2021, 1, 39768-39780
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respectively.”>*® The large similarity between the FTIR spectrum
of CPF and that of unwashed MMIP (MMIP-CPF) confirms the
successful binding of CPF to the PANI backbone. For instance,
all the characteristic CPF absorption bands appear at 2986,
1551, 1409, 1276, 1165, 1019, 965, 828 and 674 cm ™' in the
MMIP-CPF spectrum. However, after washing of MMIP with
a mixture of methanol and 1% acetic acid solution (9 : 1, v/v),
these bands almost disappeared and the MMIP spectrum was
found to be very similar to that of pure PANI (Fig. 2). The above
results depict that MMIP was successfully synthesized and
efficiently washed with the washing solution before applying it
to the removal of CPF from contaminated water samples.

X-ray diffraction analysis. The XRD analysis was performed
to confirm the formation/presence of crystalline magnetite in
MMIP samples. To achieve this objective, two samples were
analyzed; namely, the as-prepared SPIONs and MMIP. Fig. 3
depicts a typical XRD pattern of cubic crystalline magnetite in
both SPIONs and MMIP samples. In case of SPIONS, the
diffraction peaks were perceived at 26 values of 30.1° (220), 35.5°
(311), 43.2° (400), 53.5° (422), 57.1° (511) and 62.7° (440).>>*” The
same diffraction angles were obtained in case of MMIP but with
a weaker intensity indicating the successful incorporation of
SPIONs into the molecularly imprinted PANI matrix. Due to
similarities in the XRD diffraction pattern of magnetite (Fe;0,)
and maghemite (y-Fe;0,4), they cannot be distinguished based
on their X-ray diffractograms.*®*® However, according to the
literature, the applied method of synthesis is well known to
yield magnetite nanoparticles.**-*

Magnetic susceptibility. The magnetic properties of SPIONs
and MMIP were studied with vibrating sample magnetometry
(VSM) where a magnetic field between —20 and 20 kG was
applied at room temperature (Fig. 4a). The magnetization
hysteresis curve depicts that both SPIONs and MMIP demon-
strate superparamagnetic properties as indicated from the high
magnetization saturation, and the low remnant magnetization
and coercivity values. These excellent magnetic properties may
be attributed to the very small size of the prepared SPIONs as
will be indicated from the electron microscope images in the

1
Q1
ol
~I
1
]

(311)
e ... |
o)

Counts

SPIONs

20 30 40 50 60 70 80
20
Fig. 3 X-ray diffraction patterns of SPIONs and MMIP samples

showing the main diffraction planes of the crystalline phase of cubic
magnetite.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Magnetization curves (a), dynamic light scattering results (b and d) and surface charges (c and e) of SPIONs and MMIPs.

following sections. Interestingly, MMIP showed a high magne-
tization saturation (ca. 48.42 emu g~ ) relatively close to that of
the SPIONs counterpart (74.88 emu g ') indicating that the
entrapment of the SPIONs inside the polymeric matrix did not
lead to a significant deterioration in their magnetic properties.
Therefore, the resulting MMIP can be easily collected by an
external magnetic field.

Dynamic light scattering and zeta potential. The size distri-
bution of the as-prepared SPIONs and MMIP was measured
using dynamic light scattering (DLS) analysis in a water
suspension at room temperature after ultra-sonication for
15 min in a bath sonicator to avoid particles agglomeration.
One disadvantage of this technique is its inability to differen-
tiate between single particles and agglomerates, thus it may give
false indications of the average particle size especially when the
stability of the suspension is not very high. The obtained results
(Fig. 4(b) and (d)) show that the average particle size of naked
SPIONs and MMIP is about 440.6 and 544.7 nm, respectively.
The increase in size indicates the successful incorporation of
PANI with the SPIONs to form the MMIP. However, these results
must be compared with the results obtained from electron
microscopic imaging which gives a more accurate single-
particle size.**

SPIONs usually bear negative charges on their surfaces due
to the presence of carboxylate and hydroxyl functional groups
(mentioned above in the FTIR results). Coating of SPIONs with
a cationic polymer such as PANI is supposed to increase the
positive charges on the surface of the particles, and thus shifts
the apparent ZP to a more positive (less negative) value. That is
why, the apparent ZP of both SPIONs and the MMIP was

© 2021 The Author(s). Published by the Royal Society of Chemistry

measured and the results were plotted as shown in Fig. 4(c) and
(e), respectively. Naked SPIONs showed a negative ZP of
—23.4 mV, and MMIP revealed a more positive ZP of about
—6.9 mV indicating the entrapment of SPIONS into the CPF-
imprinted PANI matrix.

Electron microscopy. The removal rate and capacity of an
adsorbent are significantly influenced by its physical properties
(e.g. particle morphology and size) that also dictate the appli-
cation mode of the adsorbent for water treatment. For example,
it was found that minimizing the particle size of activated
carbon from 53 um to 7 um leads to a shorter equilibrium time
for the removal of trichlorophenol (from >200 min to <20
min).*® Here, particle size and morphology were investigated
with electron microscopy imaging. SEM images of SPIONS,
MNIP and MMIP are depicted in Fig. 5. The microscopic images
of SPIONs (i-iii) show small smooth nanoparticles forming
agglomerates. Some of the nanoparticles appear in the form of
cubic crystals as shown in Fig. 5(ii) and (iii). In addition, the
SEM images of MNIP (Fig. 5(iv)-(vi)) show irregular hair-ice-like
structures having rough surfaces with a little porosity compared
to naked SPIONs. On the other hand, the SEM images of MMIP
depict cancellous/spongy structures, as shown in Fig. 5(viii) and
(ix), with highly porous surfaces that may be attributed to the
removal of the CPF template from the magnetic imprinted
PANI. The size of the produced cancellous/spongy particles is
larger than that of naked SPIONs and MNIP (Fig. 5(vii)).

HR-TEM imaging was also used to further confirm the
incorporation of SPIONs into the PANI matrix. Naked SPIONs
and MMIP samples were imaged using HR-TEM and the ob-
tained images are depicted in Fig. 6. The images show that the
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Fig. 5 SEM images of naked SPIONs, MNIP and MMIP with different magnifications.

fabricated SPIONs are spherical and their size ranges from 15 to
30 nm. Fig. 6(iii) shows a group of aggregated SPIONs of
a diameter slightly larger than 100 nm, thus confirming the
aforementioned DLS results. HR-TEM images of MMIP
(Fig. 6(iv) and (v)) demonstrate irregular flakes of PANI

embedded with SPIONs of the same size shown in (i), (ii), and
(iii), a structure known in the literature as matrix-dispersed
structure.>®*® The images also depict that at least one of the
dimensions of the PANI flakes is less than 100 nm in size; hence
the name nanocomposite. Fig. 6(vi) depicts the selected area

.
-
—
=
=

100 NM

Fig. 6 HR-TEM images of naked SPIONs and MMIP nanocomposite with different magnifications. Panel (vi) shows the SAED pattern of MMIP.
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electron diffraction (SAED) pattern of MMIP showing a ring
pattern indicating that the fabricated MMIP is a polycrystalline
material. The single spots in the SAED pattern may indicate that
the MMIP flakes are few nanometers thick. Both SEM and HR-
TEM analyses confirm the formation of very small sized
SPIONs and SPIONs/PANI nanocomposite.

Adsorption kinetics

The influence of contact time on the CPF removal from spiked
water samples is shown in Fig. 7. It is obvious that the
adsorption capacity of CPF onto the synthesized MMIP
composite nanomaterial increases by increasing the contact
time and reaches a plateau after 200 min (Fig. 7b). The mean
adsorption capacity of MMIP was found to be 0.27 mg g™ *. In
other words, about 30% of the CPF content was removed when
10 mL of CPF solution (20 mg L~ ') were treated with 0.2 g of
MMIP for =200 min.

The experiments of adsorption kinetics are usually used to
simply supplement the adsorbent evaluation via fitting the ob-
tained experimental data to either the PFO or the PSO kinetic
models. In addition, studying adsorption kinetics plays a very
important role in understanding the adsorption mechanism. The
most common empirical models of adsorption kinetics used in
studying liquid adsorption are PFO and PSO models. The PSO
model often fits adsorption data better than the PFO model as
revealed by least-square discrimination. However, the experi-
mental value of g, is usually higher than the value calculated
from the PSO kinetic model, yet very close to it. In the PSO model,
the rate of adsorption is mathematically expressed in terms of the
occupied adsorption sites (i.e. adsorbed amount, g) rather than in

View Article Online
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terms of the adsorbate concentration. Thus, the changes in the
initial bulk concentration of the adsorbate are assumed to be
small enough such that they do not influence the kinetic rela-
tionship.® Interestingly, g. value calculated from the PSO kinetic
model was found to be 0.30 mg g~ which is almost identical to
the aforementioned experimental value. In addition, the calcu-
lated adsorption rate constant was found to be 9.7 x 107% g
mg~ " min~'. Fitting of experimental data to the PSO kinetic
model indicates that CPF chemisorption is the rate-limiting step,
and the removal of CPF molecules from bulk solution is due to
the physicochemical interactions between CPF and the MMIP
surface.®

The IPD model further clarifies the removal mechanism of
contaminants by newly designed materials, in addition to the
PFO and the PSO models. Fig. 7e shows that the adsorption
follows a two-stage scenario. Stage 1 represents film diffusion/
rapid adsorption which results from the diffusion of CPF
through the liquid film surrounding the MMIP surface, whereas
the plateau at stage 2 represents the equilibrium stage. The
calculated rate constant (kiq) was 0.021 and 0.002 mg g~ * min~ 2
for stage 1 and stage 2, respectively, indicating that the rate of
adsorption is faster in case of the former. This can be also
confirmed by comparing the values of the intercept (the intercept
represents the external resistance to the diffusion of CPF from
bulk to the MMIP surface through the boundary layer). Larger
intercept values imply a greater effect of the boundary layer. The
obtained intercept values are —0.073 mg g~ ' and 0.243 mg g~
for stage 1 and stage 2, respectively.

Although the PSO model fits the most with the experimental
results, diffusion from the bulk must take place in order to
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Fig. 7 Calibration plot of CPF aqueous solution at 290 nm (a), influence of contact time on the adsorbent capacity (b) and %removal (c), PSO
kinetics of CPF adsorption on MMIP (d), IPD model (e) and the influence of pH on the %removal of CPF (f). All the adsorption experiments were

performed in CPF-spiked water samples using the synthesized MMIP.
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bring out CPF to the liquid film (i.e. thin layer) adjacent to the
MMIP surface. Indeed, it is not necessary that this diffusion
process is the rate-determining step; hence, the rate-
determining step is the physico-chemical process/interaction
occurring at the MMIP surface as indicated above from the
PSO model.

Effect of solution pH

Studying the effect of solution pH on the rate of removal of
water contaminants is very crucial, especially for ionizable
adsorbates. Changes in solution pH may enhance or even
hinder molecular interactions occurring at the surface of the
adsorbent particles due to its significant influence on surface
charges. Fig. 7f shows that the highest sorption efficiency is
attained at pH 7, while it dropped significantly at higher and
lower pH values. In acidic media, emeraldine salt is normally
protonated, and thus bearing a large number of positive
charges.®** CPF molecule is capable of accepting a proton at
pH = 10.76, as indicated from its pK, value. However, the
percentage of protonated nitrogen atoms in the PANI chains
decreases gradually at pH = 5.5-7.0 giving the partially
protonated emeraldine base. Meanwhile, at pH > 7, the number
of deprotonated nitrogen atoms in the emeraldine base
increases abruptly, leading to the observed decrease in CPF
removal shown in Fig. 7f.*

These facts suggest that at neutral pH (pH 7), PANI is in the
form of the neutral chains of emeraldine base and CPF is
protonated bearing a single positive charge per molecule.
Indeed, this is the best scenario for adsorption of CPF onto
PANI from the electrostatic point of view because it provides the
least electrical repulsion forces between CPF molecules and
PANI chains. Similar results were obtained by Hamadeen et al.
in treating CPF-contaminated water with Moringa oleifera seed
waste.” The gradual decrease in the removal percent at pH < 7
confirms that PANI is the main player because it was found that
emeraldine salt is a perfect pH-sensitive material which was
used for fabricating solid-state pH sensors.”

Adsorption isotherms

Adsorption equilibrium takes place when a solution of an
adsorbate is brought to contact with the adsorbent particles for
a sufficient time until attaining a dynamic balance between the
adsorbate bulk concentration and that on the surface of the
adsorbent. Adsorption isotherm, a plot that describes the
adsorption equilibrium at constant conditions of pH and
temperature, is an important tool to predict and/or describe the
retention (or release) of an adsorbate to (or from) the surface of
an adsorbent.*® In the present work, Langmuir, Freundlich and
Temkin isotherms were used to describe the adsorption of CPF
on the surface of the MMIP in aqueous media.

Langmuir isotherm assumes that: (i) adsorption takes place
at certain homogeneous sites on the surface of the adsorbent,
(if) the molecules of the adsorbed species do not interact
significantly, and (iii) adsorbent saturation occurs after the
formation of a single layer of the adsorbate (i.e. monolayer
coverage).”” When C./q. was plotted versus C. and the data was
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regressed linearly, the obtained values of , gmax and b were
found to be 0.7888, —0.057 mg g~ " and —0.06, respectively. The
negative values of gmax and b indicate the inadequacy of the
Langmuir isotherm to describe CPF adsorption onto the MMIP
surface.

Freundlich isotherm best fits experimental data resulting from
multilayer adsorption to heterogeneous surfaces.”” The linear
correlation coefficient of Freundlich isotherm plot (¥ = 0.9713)
suggests that the isotherm fits the experimental data better than
Langmuir model (Fig. 8). The calculated  and K values are 0.13
and 9.55 x 10 '°, respectively. The small value of 7 indicates that
the adsorption of more CPF molecules becomes difficult/
unfavorable as the amount of adsorbed CPF increases on the
MMIP surface, thus interpreting the relatively long time required
for attaining equilibrium.

Temkin isotherm (Fig. 8c) assumes that the heat of
adsorption of all molecules in the layer decreases linearly as
a result of increase in surface coverage.” The value of the
constant b determines the type of the sorption process. When
by value is <80 000, this indicates physical adsorption.
However, the value of the term (R7/bz), also termed as B, gives
information about the heat of adsorption. Values <8 kJ mol "
indicate a weak interaction between the adsorbate and
adsorbent molecules at the adsorbent surface.” The obtained
brvalue is about 677 whereas the B value was found to be 3.66 ]
mol . These values were obtained from a linear plot between
ge and In C. with * = 0.9718. From regression coefficient
values, it is obvious that Temkin isotherm is the equation
which best describes the adsorption of CPF onto the MMIP
surface. Meanwhile, both Freundlich and Temkin isotherms
confirm the involvement of physical adsorption in the gov-
erning mechanism of the removal of CPF by the proposed
MMIP particles.

Effect of CPF initial concentration

By investigating the influence of initial CPF concentration on
the amount of adsorbed CPF onto the surface of MMIP particles
(Fig. 8d) it was found that the amount of adsorbed CPF
increased from 0.14 to 1.54 mg g ' when the initial concen-
tration of CPF increased from 15 to 45 mg L '. Indeed, this
concentration range is very far from the real concentration
present in surface water samples which does not exceed
6.36 mg L™ (i.e. CPF solubility in water). These results indicate
that the proposed MMIP can be efficiently used for the removal
of high dissolved amounts of CPF from environmental water.
On the other hand, although the amount of adsorbed CPF on
the surface of MNIP particles increases from 0.05 to 1.42 mg g~ *
by increasing the initial CPF concentration from 15 to
45 mg L7, it remains below the amount of adsorbed CPF in
case of MMIP. This finding confirms the involvement of the
selective sites on the surface of MMIP particles in the adsorp-
tion process. These sites are not available in case of MNIP.

In order to make a quantitative comparison between CPF-
removal efficiency of MMIP and MNIP particles from aqueous
solution, the IF was calculated from the adsorption capacity
values as mentioned in the Materials and methods section. The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Langmuir isotherm (a) and Freundlich isotherm (b), Temkin iso
ciency onto MMIP and MNIP (d), Scatchard plot (e), and Hill plot (f).

obtained IF was found to be 1.64 indicating that the efficiency/
selectivity of MMIP in removing CPF from water is 1.64 folds
higher than that of the MNIP counterpart.

Scatchard and Hill plots

The Scatchard and Hill analyses are used to study the adsorp-
tion processes occurring at the surface of adsorbents. In addi-
tion, the Scatchard analysis is often used to determine the
affinity of the adsorbate molecules to the adsorbent as well as
the number of active biding sites on the surface of the adsor-
bent. The calculated association constants (K) from Scatchard
analysis (Fig. 8e) are —0.066 and —0.058 g L™ " for MMIP and
MNIP, respectively. Theoretically speaking, the slope of the
Scatchard plot should be negative in order to give a positive
value for K. However, in 1978, Bowmer and Lindup reported
Scatchard plots with positive slopes.” Later in 1984, they pub-
lished another paper attributing the positive value of the slope
to the dependence of binding on the concentration of the
adsorbate, albumin in their work.”> They suggested that,
increasing the concentration of the adsorbate to a certain extent
may reverse the sign of the slope from positive to negative.
Henis and Levitzki claimed: “the meaning of the slope in such
cases is a complex function of the binding parameters and its
exact interpretation depends on the particular model used to
analyze the binding data”.”® They analyzed the meaning of the
slope of the Scatchard plot in terms of the different allosteric
models.” The aforementioned information indicates that the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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dependence of CPF adsorption at the adsorbent surface on the
amount of adsorbate is the reason behind the obtained positive
Scatchard plots.

Hill plots (Fig. 8f) were first used to interpret the interaction/
binding of oxygen to hemoglobin. Although Hill plots are
usually drawn only when Scatchard plots are not linear, the
slope of Hill plot, 4, is an index of cooperativity. The obtained
value of & was found to be 15.08 indicating positive coopera-
tivity (occurs when /4 > 1.0). Positive cooperativity means that
binding of CPF molecules makes their further binding easier.
This is usually attributed to the interaction between the active
binding sites at the adsorbent surface such that the binding at
one site affects the binding at another.

Adsorption thermodynamics and the effect of temperature

To have a closer insight into the CPF adsorption mechanism at
the surface of the MMIP particles, the adsorption equilibrium
constant (K,) was calculated at different test solution tempera-
tures, and then the thermodynamic parameters were calculated.
The calculated negative values of AG at the studied tempera-
tures indicate that CPF adsorption onto the MMIP particles is
a spontaneous process and that CPF molecules tend to stay in
the stationary phase. Normally, physisorption is indicated by
standard free energy change values (AG°) ranging from 0 to
—20 kJ mol ™, whereas that of chemisorption ranges from —80
to —400 kJ mol '.*”” The calculated values of AG (Table 1)
confirm that the adsorption process takes place by
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Table 1 Thermodynamic parameters of CPF adsorption on MMIP

AH AS AG
T(K) K, Slope Intercept (kjmol™") (Jmol 'K ') (k] mol™")
303 2.17 1773.6 —5.07 —14.746 —42.191 —1.955
308 1.99 —1.745
313 1.80 —1.534
318 1.65 —1.323
323 1.07 —-1.112
328 0.85 —0.901
333 0.57 —0.690

physisorption. Therefore, the involvement of the imprinted
active sites on the MMIP surface is highly acceptable which
coincides with the calculated IF.

Moreover, the values of AH, AS and TAS can be used for
expecting the type of interaction taking place at the adsorbent
surface. For instance, non-covalent interactions usually include
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Fig. 9 Thermodynamics and the effect of aqueous solution temper-
ature (a), and the influence of MMIP dose (b) on the adsorption of CPF
onto the synthesized MMIP.
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hydrophobic interactions, van der Waals interactions, electro-
static interactions and/or hydrogen bonding. Hydrophobic
interactions among nonpolar molecules were proved to be
entropy-driven, with AH > 0, AS > 0 and AH < TAS. However,
enthalpy-driven processes such as van der Waals interactions
and hydrogen bonding usually have AH < 0, AS < 0 and |AH| >
|TAS|. Electrostatic interactions-governed adsorption is often
characterized by a minor enthalpy and a positive favorable
entropy (AH ~ 0 or AH > 0 and AS > 0).”® The thermodynamic
parameters (Table 1) suggest an enthalpy-driven adsorption
mechanism via van der Waals interactions and hydrogen
bonding. These results agree with the results of FTIR spectros-
copy. It is worth mentioning that increasing the test solution
temperature above 318 K leads to shifting AG towards more
positive values, thus making the adsorption process unfavor-
able and significantly affecting the adsorption efficiency.
Moreover, the highest removal efficiency was obtained at room
temperature (Fig. 9a), making the synthesized MMIP material
a promising candidate for removal of CPF from contaminated
water at ambient conditions of temperature and pH. This
thermal behavior of the adsorption process was observed
because the rate-determining step (i.e. physico-chemical inter-
action as indicated from the PSO model) is very sensitive to
elevations in solution temperature; unlike covalent interactions
which usually show higher thermal stability.

Effect of MMIP dose

The amount of MMIP adsorbent (i.e. adsorbent dose) was found
to significantly influence the removal efficiency of CPF (Fig. 9b).
The removal efficiency increased from 61.0 to 78.6% upon
increasing the MMIP dose from 0.05 g to 1.0 g. This indicates
that the addition of a larger amount of MMIP provides new
available active sites for CPF adsorption.

Conclusions

The use of CPF in agriculture represents a serious danger to the
environment, especially the freshwater resources, which may
act as a possible life threat for both humans, terrestrial and
aquatic organisms. Magnetic adsorbents based on MIPs are
promising adsorbent materials on account of their selectivity,
efficiency, facile large-scale production, safety and ease of
separation/control via external magnetic field. The present work
suggested a novel magnetic molecularly-imprinted polymer
material for the efficient removal of CPF from contaminated
water. The use of SPIONs in the proposed matrix-dispersed
material provided excellent magnetic susceptibility. The sug-
gested MMIP adsorbent was found to attract CPF molecules
from bulk via van der Waals interactions and hydrogen-bond
formation. The adsorption experimental results fitted well to
the PSO kinetics model and Temkin adsorption isotherm.
Moreover, the most important advantage of this MMIP adsor-
bent is its selectivity towards CPF in aqueous solution due to the
high IF obtained from the adsorption experiments. However,
the relatively long time required for adsorption can be short-
ened by adding more functional groups to the MMIP surface to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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enhance the interaction with CPF molecules in the bulk. For
now, we are trying to investigate the influence of surface func-
tionalization of the proposed MMIP adsorbent, via copolymer-
ization, on the equilibration time required for CPF adsorption.
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