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ABSTRACT: This study presents novel chemoresistive reduced
graphene oxide—ion-imprinted polymer (IIP—rGO)-based sensors
for detection of lead (Pb**) ions. The ion-imprinted polymer was
synthesized by bulk polymerization and modified with a variable
amount of rGO incorporated to form an IIP—rGO composite. The
amount of rGO in the polymer matrix affected the sensor’s relative
response, and 1:3 mass ratio produced excellent results, with a
consistent trend as the concentration of Pb** ions increased in the
solution. The decrease in relative resistance (AR/R,) followed an
exponential decay relationship between the AR/R, response and
the concentration of Pb*>" ions in aqueous solutions. After solving
the exponential decay function, it is observed that the sensor has
the upper limit of AR/R, >1.7287 ug L™', and the limit of detection of the sensor is 1.77 ug L™". A nonimprinted polymer (NIP)-
based sensor responded with a low relative resistance of the same magnitude although the concentration was varied. The response
ratio of the IIP-based sensor to the NIP-based sensor (AR/R,)yp/(AR/R,)np as a function of the concentration of Pb** ions in the
solution shows that the response ratios recorded a maximum of around 22 at 50 g L™" and then decreased as the concentration
increased, following an exponential decay function with the minimum ratio of 2.09 at 200 ug L™ but never read 1. The sensor
showed excellent selectivity against the bivalent cations Mn?¥, Fe?*, Sn**, and Ti**. The sensor was capable of exhibiting 90% AR/R,
response repeatability in a consecutive test.

1. INTRODUCTION ug L™ MPL of Pb** in drinking water.”® The gradual
accumulation and environmental impacts of toxic Pb** have
evoked the need to quantify and monitor Pb** in the different
matrices (water, soil, and sediment) before it accumulates to
the level that poses risks.’

The most used conventional analytical techniques for the
determination of toxic elements in various sample matrices
include flame-atomic absorption spectrometry, inductively
coupled plasma-mass spectrometry (ICP-MS), inductively
coupled plasma-atomic emission spectrometry (ICP-AES),
hydride generation-atomic absorption spectrometry, and
graphite furnace atomic absorption spectrometry. These
techniques have the advantages of high sensitivity and
selectivity with some shortcomings such as the expensive
cost, requirement of expertise for operation, and time
consumption. Moreover, constituents of a sample matrix,

v

Pollution of water by toxic elements that may affect ecosystems
and human health is an utmost concern. Humans may
indirectly be intoxicated with lead (Pb) through the food
chain of soil-to-plant-to-animal-to-human. In contrast, direct
exposure may occur through the inhalation of dust and
drinking water polluted in the emission source’s vicinity.' Lead
mostly toxifies vital organs such as neurological, reproductive,
renal, and gastrointestinal systems even at ultratrace levels.”
Lead pollution of environmental media (water, soil, air) usually
may be influenced by the mismanagement of the byproducts
from industrial activities.” Lead exists in three different
oxidational states, with metallic lead rarely occurring in
nature.* Pb%* is formed in highly oxidizing conditions, and
Pb*" compounds generally do not exist under standard
environmental conditions. The Pb** is the most stable
oxidation state that primarily dominates the chemistry of Pb
in the environment and is responsible for severe toxicity.”> A
significant impact of Pb** on human health and the ecosystem
evoked a fixed maximum permissible level (MPL) to control
harmful effects and devise a stringent guideline to curb water
pollution.’ South African water quality and World Health
Organization standard water guidelines have recommended 10
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such as cations, anions, and particulate matter, may pose
spectroscopic and nonspectroscopic interferences, leading to
inaccurate determination of the analyte concentration.” These
conditions of conventional techniques promoted the pressing
need to develop ion-imprinted polymer (IIP)-based sensor
techniques with recognition cavities to target analyte ions in
the presence of matrix components accurately. The establish-
ment of IIP with exceptional sensitivity, selectivity, cost-
effectiveness, and ease of operation and maintenance may
overcome the drawbacks of conventional techniques. The ion-
imprinting technology creates template-shaped three-dimen-
sional active cavities in the polymeric network matrix with
predetermined selectivity and high affinity.”'® The recognition
of the target analyte ion is based on the lock-and-key
phenomenon, which holds a universal application of imprinted
polymers, owing to the unique features with structural
predictability, recognition specificity, simple design, cost-
effectiveness, eco-friendliness, and excellent stability.s’11

The capability of IIP to target analyte ions from a complex
matrix with excellent selectivity has attracted massive attention
to develop ITP-fabricated transducers for the detection of Pb**
in water. The agglomerated IIP lacks electrical conductivity
and low signal response for target analyte binding, and
nontunable surface properties of imprinted polymer layers may
limit the efficient performance of IIP.>'! However, the use of
reduced graphene oxide (rGO) with excellent thermal stability,
electrical conductivity, mechanical strength, good electron
transport, high specific surface as nanofillers in the polymeric
network matrix enhances the performance of IIP.'* The IIP—
rGO formation can be initiated by the interface of functional
groups (hydroxyl, carboxyl, and carbonyl) on the surface and
rGO on the edge regions with the IIP. Thus, the combined
features of rGO and IIP provide a nanocomposite with
exceptional features for a sensor-based method.

Electrochemical and optical sensing techniques have been
used extensively for the detection of metal ions using
chemically modified fabricated sensors not limited to the
composites of IIPs."*~'® These techniques possess attractive
advantages such as low-cost instrumentation, excellent
sensitivity, good selectivity, and ease of portability for detecting
toxic metal ions in various samples.13 However, our study on
the IIP—rGO-fabricated sensor for the chemoresistive
detection of Pb** ions with exceptional efficiency and
selectivity is significant and presents a recent innovation in
the development of chemical sensing technology. The
robustness of the IIP—rGO-based sensor to perform chemo-
resistive detection due to a change in relative resistance (AR/
R,) in response to the rebinding of Pb*" ions on the imprinted
cavities of the fabricated sensor. An electronic test device that
measures inductance (L), impedance (Z), capacitance (C), and
resistance (R), known as an LCR meter, provided compat-
ibility to facilitate the chemoresistive performance of the IIP—
rGO-based sensor. This work presents the novel fabrication of
a simple, cheap, and fast thin-film chemoresistive sensor coated
with IIP-rGO to detect Pb** in water. The performance
parameters such as sensitivity, linearity, precision, accuracy,
limit of detection (LOD), and selectivity were optimized using
an LCR meter. A nonimprinted polymer (NIP)—rGO-based
sensor was established as a control to evaluate the sensor-based
method’s performance.

2. RESULTS AND DISCUSSION

2.1. Characterization of the Synthesized Material
Hybrids. The synthesized material hybrids with unleached IIP,
leached IIP, and NIP were characterized using Fourier
transform infrared (FTIR) and Raman spectroscopy, powder
X-ray diffraction (P-XRD), N, adsorption/desorption experi-
ment, scanning electron microscopy (SEM), and transmission
electron microscopy (TEM).

2.1.1. Fourier Transform Infrared Spectroscopy Analysis.
The FTIR was used to study the chemical structure, surface
functional groups, and bonding nature of spectral profiles of
unleached IIP and NIP. The spectra are presented in Figure la.
A close similarity in the chemical structure of unleached IIP
and NIP is primarily attributed to the presence of the cross-
linking agent used ethylene glycol dimethacrylate
(EDGMA)."” However, slight changes in the absorption shifts
and peak intensities were notable. The absorptions at 2985 and
2896 cm™' in the polymeric materials were attributed to
aliphatic C—H stretching vibrations of the sp® hybrid. The
absorptions at 1590 and 1080 cm™" in the unleached IIP and
NIP are ascribed to the C=0 and C—O stretching bonds,
respectively. Similar peaks appeared in the case of unleached
IIP; however, the intensities of the peaks at 1157 and 1728
cm™ due to C—O and C=0O0, respectively, became weaker in
the case of unleached IIP (Figure 1a) and the Pb—O peak was
not identifiable in the FTIR spectra of IIP; this is mainly
because the strong IR absorption by the polymer at low
wavelengths overshadowed the Pb—O bond.”

2.1.2. Raman Spectroscopy Analysis. Raman spectroscopy
was used to study the vibrational properties of GO, rGO,
unleached IIP, and NIP. The spectra are presented in Figure
1b,c. The main characteristic peaks on the graphene derivatives
of GO and rGO are assigned to the D and G bands located at
about 1338 and 1595 cm™! at the GO/rGO Raman spectrum
(Figure 1b).”" A distinct feature of the D and G bands of GO/
rGO is the relative intensity ratio (Ip/Ig), which assesses the
amorphous sp® domain carbon relative to sp>-bonded carbon
atoms. An Ip/I; from 1.13 of GO to 0.84 of rGO after a
synthetic process of rGO suggested a reduction of defects
attributed to the fact that the disordered sp® amorphous
carbon dominated the structure of GO. The spectrum of rGO
showed highly ordered and stable sp” graphitic carbon, which
is strong evidence that GO was significantly reduced to rGO.
The Raman shifts of unleached IIP and NIP were compared.
Interestingly, the vibration bands at 386 and 558 cm™ of the
unleached IIP were due to the presence of Pb—O (Figure 1c
inset),”” and this confirmed the successful incorporation of
template ion Pb** in the polymer matrix of the IIP. These
particular Raman shifts were absent in NIP.

2.1.3. Powder X-ray Diffraction Analysis. The P-XRD was
used to investigate the structural features of the imprinted
polymers and nanocomposites. The diffraction pattern of
unleached IIP is presented in Figure 2a, and the deconvoluted
peak at 20 = 31.5° is due to Pb—O;>” this particular peak was
absent in NIP, which confirms the successful incorporation of
the template ions (Pb** ions) in the polymer matrix. This
finding complements the result obtained by Raman analysis.
The absence of a peak at 260 = 31.5° in the leached IIP
indicates the successful removal of the template ion from IIP
(Figure 2c). The P-XRD pattern of rGO (Figure 2d) shows a
diffraction angle at 20 = 24.8° assigned to the (002) plane due
to amorphous carbonaceous of rGO with an interlayer spacing
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Figure 1. (a) FTIR spectra in the spectral range 1800—400 cm™" of
unleached IIP and NIP. (b) Raman spectra of (1) GO and (2) rGO
and (c) (1) NIP and (2) unleached IIP.

of 0.38 nm and a peak of 26 = 43.5°, which confirms the
graphitic nature of the rGO.**

2.1.4. Brunauer—Emmett—Teller Analysis. Brunauer—
Emmett—Teller analysis studies were adopted to evaluate the
surface area of leached IIP and unleached IIP at the macro
level. A specific pore volume and diameter of the imprinted
polymers were determined using the Barrett—Joyner—Halenda
N, adsorption/desorption isotherm method. The isotherms of
the leached IIP and unleached IIP microspheres are presented
in Figure 3ab. The nature of the adsorption/desorption
isotherms classified imprinted polymers as type IV with H3
hysteresis loops according to the recommendation of the
International Union of Pure and Applied Chemistry classi-
fication of isotherms. Therefore, the imprinted polymers
possessed a mesoporous structure.””*® The pore size
distribution (total pore volume and average pore width), as
well as the surface area, were calculated from the adsorption/
desorption isotherm methods (see the Supporting Information
Table S1). It could be seen that the surface areas of unleached
IIP and leached IIP were 79.3 and 106 m® g/, respectively,
and the average pore widths of unleached IIP and leached IIP
were 12.3 and 12.7 nm, respectively. The characteristic
physical parameters of imprinted polymers were significantly
reduced in unleached IIP. The observation indicated that
leached IIP with excessive nanopore and surface area were
conveniently synthesized.”” The template removal created
recognition cavities with a complementary spatial structure for
selective recognition of Pb(II) in water using leached IIP. The
lesser surface area of unleached IIP is ascribed to a confined
shrinkage of the pores by the presence of template ions.”*”’

2.1.5. Scanning and Transmission Electron Microscopic
Analysis. The surface morphologies of the synthesized material
hybrids were studied using SEM and TEM techniques. The
SEM and TEM images of leached IIP, unleached IIP, NIP, and
IIP—rGO polysulfone composite are presented in Figure 4.
The SEM image displays a highly microporous leached IIP
(Figure 4a) with the surface area and pore width of 106 m* g™!
and 12.7 nm, respectively, as revealed from adsorption/
desorption studies. The ordered nanoporous pattern of leached
IIP is probably due to the removal of imprinted Pb** on the
polymer’s surface. The nonconformational structure of
unleached IIP (Figure 4b) may be attributed to the presence
of monomer—template interaction. The micrograph of NIP
(Figure 4c) displayed a compacted surface that did not possess
the compatible cavities for Pb** binding in water. The IIP—
rGO (Figure 4d) displayed porous IIP packed between rGO
layers with residues of polysulfone membrane. However, in the
TEM image, these rGO sheets (Figure 4h) were coated on the
surface of leached IIP. Scanning electron micrograph images
complemented the TEM morphological surface of the
synthesized material hybrids. The structural and surface
morphological studies of characterization techniques support
each other and confirmed the successful preparation of the
IIP—rGO and NIP—rGO nanocomposites.

2.2. Chemoresistive Sensor Response and Perform-
ance. Three IIP—rGO-based sensors with a mass ratio
composition of IIP—rGO of 1:1, 1:2, and 1:3 with polysulfone
were prepared. Their performance in AR/R, responses was
recorded at variable concentrations of Pb** ions in aqueous
media at room temperature. The NIP—rGO-based sensor was
used in the reference experiment under the same conditions as
IIP—rGO. During the measurement, the sensor’s contact time
with the solution containing Pb** ions was set to be 15 min all
the time for all the sensors. During this time, the metal ions
rebound to the cavity of IIP, resulting in the AR/R, (where
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Figure 2. P-XRD and deconvoluted diffraction patterns of (a) unleached IIP, (b) NIP, (c) leached IIP, and (d) rGO.

AR = R — R, R is the instantaneous resistance of the sensor in
Pb** ions solution and R, is the resistance of the sensor
immersed into leaching solution) of the individual peaks
increasing rapidly. When the sensor is removed from the
analyte solution and immersed in the 0.16 mM ethyl-
enediaminetetraacetic acid (EDTA) leaching solution for 10
min, the peaks quickly return to the baseline due to Pb*"
desorption from the IIP cavities leading to a sensor’s
regeneration for subsequent analysis. The occurrence of the
mechanism because the binding of Pb** ions to the cavity of
IIP—rGO causes an increase in AR/R, while removal of Pb*
ions from the cavity reduces the sensor’s response. The AR/R,
of all of the fabricated sensors was recorded as the function of
time with variable concentrations. Figure Sa—f shows the AR/
R, response of the IIP—rGO-based sensors with 1:1, 1:2, and
1:3 mass ratios as a function of the concentration in the
solution.

At a lower concentration of rGO in the composites, the mass
ratio of 1:1 showed an inconsistent response as the
concentration increases from low to high. However, in the
1:2 mass ratio, which has twice the amount of rGO than that in
the 1:1 composite, significantly changed in AR/R, as the Pb**
ion concentration in the solution increased. The S and 20 ug
L™' peaks (Figure Sc) never reached a plateau and the
response slowly descended (descending triangle type peak)
until the sensor was removed from the analyte solution and
immersed in the leaching solution. The remaining peaks
reached plateaus with an equal response magnitude because all
readily available active cavities were occupied with Pb*" ions. It
is worth noting that as the concentration increased, the rate of
response became constant and stagnant from $S0—200 ug L™
(Figure Sc,d). Interestingly, when the amount of rGO in the
polymer composite was further increased to 1:3, which is 3

31531

times that of 1:1, the sensor showed excellent performance
(Figure Se,f). The exponential decay relationship between the
AR/R, and the concentration of Pb?" ions in aqueous solutions
was achieved for the mass ratio of 1:3 reached by increasing
the rGO in the polymer composite. This improvement in the
sensor’s performance is due to the increase in the transfer rate
of carriers through the conductive channels by adding more
rGO and improving the IIP evenly to contact with rGO.
Furthermore, more cavities become available to allow the Pb**
ions to quickly diffuse to the electrode surface and be re-
implanted in the cavity.”® Any further addition of the rGO in
the composites, such as 1:4 and 1:5 mass ratios, did not show a
progressive decrease in resistance as the concentration
increased (not shown here), instead, the inconsistency and
nonplateau peaks might be due to the blocking of the active
site of the IIP by the excess of rGO.

The peaks for the sensors based on IIP—rGO in 1:3 mass
ratio showed a plateau for every contact with the solution,
except a slight inclination for § and 20 ug L™ concentrations.
This suggests that the maximum accessible cavities and
conductive channels were achieved from the concentrations
of 50—200 ug L™' of the Pb** ions. Thus, increasing the
concentration to 200 xg L' led to the decrease in the peaks,
confirming that the AR/R, response is inversely proportional
to the concentration. When the sensor based on IIP—rGO in
1:3 mass ratio was further analyzed for the curve-fitted (eq 1)
exponential decay curve, we found the upper limit of AR/R,
detection to be

Al e(_c/ Cl)

Y= % (1)
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Figure 3. Adsorption/desorption isotherm microsphere of (a)
leached IIP (b) unleached IIP.

where A, is the pre-exponential constant, 5.2635; C, is the
concentration constant, 40.0696 ug L™'; and y, is the offset
relative response, 1.7287. Rearranging eq 1

b - — e/
A 2)
By taking the In function on both sides,

In

(y - yo)] _-C
A (o} (3)

Equation 3 is valid only when y > y,; therefore, any given AR/
R, greater than 1.7287 should be valid for the above equation.
If y >y only by 0.0001, for example, the sensor’s upper limit

is 436 ug L™". By taking the logarithmic function of the y- and
x-axis of Figure Sf inset, exhibited good linearity with a
regression equation of y = 1.054 — 0.242*X, coeflicent of
determination (R?) = 0.9737, and the LOD was calculated to
be 1.77 ug L7".

On the other hand, the small relative response for the NIP—
rGO-based sensor was observed and remained constant despite
the change in Pb** concentration from S to 200 ug L™". This

small change in response might be due to the physical
adsorption of the Pb** ions on the surface. The comparison of
the IIP- and NIP-based sensors (Figure 8c) shows that there is
a significant difference in responses of the IIP- and NIP-based
sensors toward Pb** ions in the solution due to the availability
of active cavities on the IIP. Furthermore, the response ratio of
the IIP-based sensor to NIP-based sensor (AR/R,);p/(AR/
R, )np as a function of the concentration of Pb** jons in the
solution shows that the response ratio recorded a maximum
AR/R, response of approximately 2.0 for NIP and 4.0 for IIP
at S0 pg L7 The ratio decreases as the concentration
increases (see Figure 6d) and follows an exponential decay
function with the minimum ratio of 2.09 at 200 ug L7
Interestingly, the (AR/R.)ip/(AR/R,)np never reaches 1,
which means that both sensors never have the same relative
responses. The logarithmic function of the y- and x-axis
showed good linearity (see Figure 6d, inset).

2.3. Stability and Reproducibility Test. The stability of
the sensor was evaluated using a newly prepared sensor with a
20 ug L™' Pb** solution. The sensor showed excellent stability
and reproducibility during five consecutive contacts with the
solution, followed by leaching out the Pb*" ions (Figure 6e). A
90% repeatability of the AR/R, response was achieved in a
consecutive test. The excellent precision calculated as the
percentage relative standard deviation of 4.7% of the obtained
repeatability is within the acceptable range of the United States
Environmental Protection Agency (US EPA) recommenda-
tions for assessing the proposed method’s precision.”

2.4. Selectivity Studies. Selectivity is a vital feature for
method validation because it measures a method’s ability to
measure an analyte accurately in the presence of interferences.
The bivalent cations Mn?*, Fe?*, Sn**, and Ti** possess ionic
charge distribution and size of ionic radii that are closely
related to that of Pb**. These metal ions can compete with
Pb** detection since they usually coexist in the real water
samples’ matrix component. The interference test was
performed by exposing the sensor based on IIP—rGO in 1:3
mass ratio to measure the AR/R, of the sensor toward each ion
with a concentration of 200 g L' and mixed metal ions (each
metal ions with 200 ug L™') as a function of time (Figure 7).
The individual AR/R, of competing ions was relatively low
compared to that of the target analyte Pb>* ions except for Ti**
ions. Although the response of mixed metal ions was higher
than that of the Pb*" ion solution, the ICP-MS analysis of the
total metal ions adsorbed by the polymer composite of the
sensing material with IIP—rGO in 1:3 mass ratio revealed a
surprising result. The IIP—rGO-based sensors selectively
adsorbed 93% of the Pb*" ions compared with other metal
ions (see the Supporting Information Table S2). This indicates
that the increase in AR/R, of the sensor when exposed to the
mixed metal ions might be a contribution from computing
ions, which were adsorbed very little. It is further confirmed
that a substantial AR/R, toward recognition of Pb*" ions is due
to the imprinting of the cavities with the template ion’s specific
shape and size."" Therefore, IP—rGO-based sensor is highly
selective and reliable toward the detection of the Pb** ions.

2.5. Analytical Application. The exceptional performance
quantities of analytical figures of merit evidenced that sensors
based on IIP—rGO in 1:3 molar ratio had high stability,
repeatability, and selectivity. An optimal linear curve response
of R? value of 0.9737, resistive sensitivity of 0.242 (ug L™')7",
and LOD of 1.77 ug L™" was exceptional for the validation of
the method. The accuracy of the method was evaluated by
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spiking a real water sample with 200 ug L™' of Pb** solution.
The obtained percentage recovery of 78% complies with US
EPA mandatory guidelines for method development and
validation, confirming the efficiency of the sensors based on
[IP—rGO.® The accuracy determination and method validation
were performed in triplicate, which showed acceptable stability
at 90% repeatability with high selectivity for detection of Pb**
ions in the real sample using the IIP—rGO sensor-based
method. Conversely, EDTA’s suitability to leach analyte on the
sensing layer’s recognition cavities was tested experimentally in
triplicate. The test solution with 1 mg L' Pb** ions was
exposed to a sensitive layer under the optimized contact time
and leaching conditions. The concentration of leached Pb**
ions of 0.827 + 0.064 mg L' determined in the EDTA
solution using ICP-AES showed that EDTA was eflicient in
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leaching out the Pb** ions from the sensor’s recognition
cavities. A sensor was used for days without degradation in
detection ability. Nonetheless, renewability was performed by
placing a sensor in the EDTA solution overnight and rinsing it
before use.

To the best of our knowledge, a wide variety of studies
reported for sensor detection of Pb** in water inherited various
electrochemical, optical, and electrical sensing techniques using
different types of chemically modified materials. The trend in
the chemical sensing technology incorporates various chemi-
cally modified fabricated sensors for the detection of metal ions
in water samples.”” The various fabricated sensors and
detection techniques reported in the studies outline the
detection of Pb** in water samples (see the Supporting
Information Table S3). Luo et al."” reported the preparation of
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the self-manufactured Pb**-selective electrode using Pb**-IIPs
for differential pulse voltammetry detection. Baghayeri et al."*
outlined the use of glassy carbon electrode coated with
poly(amidoamine) dendrimer functionalized magnetic GO for
the simultaneous detection of Pb** and Cd** in environmental
waters using the square wave anodic stripping voltammetry
method in a closed-circuit mode. Recently Sarmiento et al.*’
reported a chemical vapor deposition—conductive reduced GO
coated films for electrochemical and electrical detection of
Pb** ions using both cyclic voltammetry and electrical
conductance. The novelty of our study was exhibited by the
chemoresistive performance of the IIP—rGO-based sensor for
the detection of Pb** ions, which made a significant
contribution to the chemical sensing technology. The perform-
ance characteristic of the IIP—rGO-based sensor possesses
remarkable advantages such as high selectivity, low cost, and
high sensitivity toward the detection of Pb** ions and is
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comparable with the related studies.’”’ Remediation studies
integrated into the chemical sensing of metal ions for
fabricating chemically modified nanomaterials that are
economical, effective, and efficient for metal ions adsorption
in the environmental water are growing exponentially.”” ™

3. CONCLUSIONS

A novel chemoresistive sensor based on IIP—rGO in 1:3 mass
ratio for the rapid detection of Pb** in water relative to relative
resistance response using an LCR meter was successfully
developed. The synthesized and modified material hybrids,
unleached IIP, leached IIP, NIP, GO, rGO, IIP—rGO, and
NIP-rGO, were characterized using different analytical
techniques. The optimal sensitivity, linearity, stability, LOD,
and selectivity features have distinguished the sensor based on
ITP—rGO in 1:3 mass ratio as a cost-effective and convenient
method with remarkable matrix effect tolerance. The sensor
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with a 1:3 mass ratio was able to detect Pb>* ions in
concentrations as low as 1.77 ug L™" and as high as 436 ug L™".
The sensor based on NIP, however, did show low relative
response in a wide range of concentrations with almost the
same magnitude. The ratio of the AR/R, of the IIP to NIP
((AR/R,);p/(AR/R,)np) as a function of the concentration
revealed that both sensors never give the same reading for any
given concentration. Thus, a sensor is recommended for the
detection of Pb*>* ions in real water samples. A bulk
polymerization imprinting technology produced ion-imprinted
polymer hybrids and incorporating rGO as a nanofiller to
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leached IIP synergically improved the aggregation of a polymer
and amplified a sensing layer’s relative resistance performance.

4. MATERIALS AND METHODS

4.1. Chemicals and Reagents. Analytical grade chemicals
and reagents were purchased from Merck unless stated
otherwise. Ultrapure water obtained from Supre2Pure Milli-
Q-system (ThermoScientific) with a resistivity of 18.2 MQ cm
was used to prepare solutions. All glassware was sterilized in
dilute nitric acid (HNO,) solution prepared from 55% HNO;.
The IIP and NIP particles were synthesized and purified using
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98.0% ethylene glycol dimethyl acrylate (EGDMA), 99%
methacrylic acid (MAA), 99.9% dimethyl sulfoxide (DMSO),
99.9% acetonitrile (ACN), 99.0% lead(II) nitrate (Pb(NO;),),
94.0% benzoyl peroxide (BPO), 98.5% ethylenediaminetetra-
acetic acid disodium (EDTA-Na2), and 97.2% ethanol
(EtOH). The rGO was synthesized using graphite, 95.0—
98.0% sulfuric acid (H,S0O,), 85% phosphoric acid (H;PO,),
99.0% potassium permanganate (KMNO,), 30% hydrogen
peroxide (H,0,), and 99.0% ascorbic acid (CHgOg). Polymer
nanocomposites [IP—rGO and NIP—rGO were synthesized
using 99.8% dichloroethane (CH;CHCL,) and polysulfone
membrane (average M, ~35000). High-purity standard
solutions of Pb, Fe, Mn, Sn, and Ti (1000 ug mL™") were
used for sensitivity and selectivity determination and
purchased from Inorganic Ventures.

4.2. Characterization and Detection Techniques. The
synthesized material hybrids (leached IIP, nonleached IIP,
NIP, GO, rGO, IIP-rGO, NIP-rGO) were characterized
using Infrared Affinity Fourier transform infrared (FTIR)
spectrometer (Shimadzu, Germany) with a resolution of 4.0
cm™! within 400—4000 cm™! wavenumber range, Witec 300
Confocal Laser Raman spectroscopy (Witec Focus Innova-
tions, Germany) with charge-coupled device detector from a
pixel of 0—4000 cm™' Raman shift, Rigaku MiniFlex 600
powder X-ray (P-XRD) diffractometer (MiniFlex, Germany)
with a Cu Ka (4 = 1.54056 nm) radiation source, ASAP 2460
Micromeritics surface and porosity analyzer (Micromeritics
Instrument Corporation) for nitrogen (N,) adsorption/
desorption experiment and morphological studies using Joel-
Jem 7500F scanning electron microscopy (SEM) (Joel, Japan)
and Joel-Jem 2100F transmission electron microscopy (TEM)
(Joel, Japan). Electrical characterization of IIP—rGO- and
NIP—rGO-based sensors was performed using an ISOtech 821
LCR meter. Daily calibration of the LCR meter was performed
using a known resistor and capacitor confirmed with 34461A
Bench Digital Multimeter (Keysight Technologies, Malaysia).
Analyte concentration determination was performed using
ICPE-9800 Series ICP-AES (Shimadzu, Japan) and Sciex Elan
6100 ICP-MS (Perkin Elmer, Germany).

4.3. Experimental Methods. 4.3.1. Synthesis of Pb**lon-
Imprinted Polymers. The Pb**-1IP unleached was synthesized
by bulk polymerization procedure using 4 mM monomer
MAA, 20 mM cross-linker EDGMA, 0.3 mM initiator BPO,
and (1:9 v/v) DMSO/ACN in the presence of 0.5 mM

Pb(NO,),."”"” Briefly, 0.5 mM amount of Pb(NO;), was
dissolved in 10 mL of porogen mixture in the reaction flask to
generate Pb** template ions. A monomer and cross-linker were
then added to the reaction flask and stirred, sealed for 10 min
at room temperature, followed by an appropriate amount of
BPO, and stirred until completely dissolved. The reaction
mixture purged for 10 min with N, to create an inert
atmosphere. A reaction flask was sealed with aluminum foil and
parafilm and set for polymerization on a thermostat oil bath at
60 °C for 24 h under vigorous stirring. The NIP control
material was prepared following the same procedure except
without the template ion (Pb>"). Then, the final product was
finely ground and sieved through a 45 ym wire mesh to collect
materijals with uniform micron-sized particles. Imprinted
polymers were purified in an EtOH solution and repeatedly
rinsed with ultrapure water. A portion of dried unleached Pb-
IIP was treated with 13.5 mM EDTA solution at several cycles
to extract Pb*" templated ions. Aliquots of extracted solutions
were analyzed with ICP-AES until Pb*" ions were not detected.
The resulting leached IIP, as well as unleached IIP and NIP,
were characterized using various techniques. The leached IIP
and NIP were taken further for the synthesis of polymer
nanocomposites.

4.3.2. Synthesis of Reduced Graphene Oxide Imprinted
Polymer for the Fabrication of Sensors. The rGO was used as
a reinforcing material in the synthesis of conductive nano-
composites prepared using graphite as a starting material to
synthesize graphene oxide (GO). The GO was synthesized by
modifying the Staudenmaier and Hummers method, as
reported by Kibechu et al.'’ Briefly, 3 g of graphite flakes
were transferred into a 1000 mL round-bottom flask placed in
the ice bath. Cautiously, H,SO,/H;PO, (9:1 v/v) was added
into the flask by allowing 360 mL of H,SO, to cool while
stirring, followed by the addition of 40 mL of H;PO,. Eighteen
grams of KMNO, was added slowly in 2 min intervals, while
the reaction was stirred for 30 min. The mixture was heated in
an oil bath for 24 h under stirring. After cooling, 3% H,0, was
slowly added to the mixture to react with unreacted KMNO,.
The mixture was sonicated for 2 h to exfoliate GO layers, thus
forming a brown solution. Graphene oxide solution was filtered
using membranes of 0.45 um pore size and centrifuged
continuously using ultrapure water until the supernatant
solution was weakly acidic (pH S) and dried in an oven for
characterization. An amount of 0.5 g of GO was added to a
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reaction flask containing 1.0 g of ascorbic acid and 250 mL of
ultrapure water and ultrasonicated for 30 min. A reaction flask
was continued to be stirred in an oil bath at 80 °C for 24 h to
synthesize rGO, which was then rinsed repeatedly with
ultrapure water and dried in an oven.

4.3.3. Fabrication of Sensors. The leached IIP and NIP
materials were loaded with rGO to form polymer nano-
composites by the solution mixing process. Two hundred
milligrams of polysulfone dissolved was in S mL of dichloro-
ethane, and 10 mL of solution was added to a mixture of 0.02 g
of leached IIP and 0.04 g of rGO (1:2 w/w) and the two
solutions were mixed. The polysulfone binds together the
synthesized IIP and rGO on the interdigitated electrode
(IDE). A similar procedure was followed for the synthesis of a
control polymer. The reaction mixture was ultrasonicated and
continued to be stirred for a minimum of 48 h to form a
homogeneous polymer nanocomposite solution IIP—rGO and
control NIP—rGO. The polymer nanocomposites solutions
were drop-cast onto gold IDE to create a thin film and dried
under a vacuum desiccator.

4.3.4. Characterization of the Fabricated Sensors. The
response of a chemoresistive IIP—rGO-based sensor toward
Pb** in the test solution was measured using an ISOTECH
LCR 821 LCR meter at an AC input signal of 0.5 V amplitude
and 25 kHz frequency,'® with the resistance measured as the
output signals. The setup representation of the IIP—rGO-based
sensor application for detecting Pb** in a test solution using an
LCR meter is presented in Figure 8. As illustrated, an IIP—
rGO-based sensor was exposed to Pb>* concentrations in a test
solution prepared for 15 min, then the sensors were rinsed and
exposed to 0.16 mM EDTA leaching solution for 10 min. The
sensor was rinsed before the next measurement. The NIP—
rGO-based sensor response performed a control experiment.
The contact time and leaching time were kept constant for the
optimization of all measurements.
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