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ABSTRACT: Fipronil, a phenyl pyrazole insecticide, is extensively
used in agriculture to control insect infestation. It has the potential to
assimilate into the food chain, leading to serious health concerns. We
report molecularly imprinted polymer (MIP)-based dispersive solid-
phase microextraction for the targeted determination of fipronil in milk
samples. Designing such a sorbent is of paramount importance for
measuring the accurate amount of fipronil for monitoring its permissible
limit. Response surface methodology based on a central composite

design following a face-centered approach was used to optimize i T
experimental conditions. The maximum binding capacity of 47 mg g~* ' <= -
was achieved at optimal parameters of time (18 min), temperature (42 | .

°C), pH (7), and analyte concentration (120 mg L™"). Under these iz et
conditions, a high percentage recovery of 94.6 + 1.90% (n = 9) and a

low limit of detection (LOD) and limit of quantitation (LOQ) (5.64 X 107 and 1.71 X 10™° ug mL™", respectively) were obtained.
The MIP was well characterized through a scanning electron microscope (SEM) as well as Brunauer—Emmett—Teller (BET),
Fourier transform infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA) methods. Adsorption kinetics of the MIP
followed the pseudo-first-order model (R* 0.99 and y* 0.96), suggesting the MIP—analyte interaction to be a physiosorptive process,
while adsorption isotherms followed the Freundlich model (R* 0.99). The real sample analysis through high-performance liquid
chromatography (HPLC) confirmed the selective determination of fipronil from milk samples.

Treated Milk

1. INTRODUCTION

The past few decades have undoubtedly witnessed aggravation

with the central nervous system (CNS) of the targeted
organism.8

in pollution on earth. Nowadays, natural water is also being
contaminated with myriads of pesticides and insecticides due
to their excessive use in agricultural and residential
applications. Pesticides may be classified according to their
target, mode, and period of action. There are more than 500
different pesticides that are commonly used in our
surroundings.’ Although the use of pesticides has significantly
improved the quality as well as quantity of food to cater to the
needs of the ever-growing world population, their excessive use
has had undesirable effects on nontargeted organisms,
including human beings.” It is estimated that less than 0.1%
of the total pesticides applied to crops reach the targeted pests,
while the rest permeate into the environment, contaminating
the soil,” water,* and air.®

Fipronil, S-amino-1-[2,6-dichloro-4-(trifluoromethyl)-
phenyl]-4-[ (trifluoromethyl)sulfinyl]-1H-pyrazole-3-carboni-
trile, phenyl pyrazole, is considered the third most used
pesticide in the world market due to its diverse scope and wide
range of reactivity.”” By regulating y-aminobutyric acid (-
ABA) and causing hindrance in chloride pathways, it interacts
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Its metabolites, due to their biological activity, may pose
risks to nontarget species, including pollinators (bees,
bumblebees, moths, and earthworms). Furthermore, these
metabolites have also been identified in contaminated soil,
water, and plant tissues.”"" It has been reported that the half-
life of some metabolites of fipronil in the soil is up to 7
months.'> The residues of fipronil have been detected in
different species of plants such as Brassica, Camellia, Ipomoea,
and Plantago."

Higher concentrations of fipronil affect agricultural soil
greatly by killing beneficial microbial strains and result in lower
crop productivity. Consequently, it is pertinent to quantify
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fipronil even at its trace levels and to abate it in contaminated
environments and food samples.

Feeding of animals by sprayed maize having silage creates
the possibility of uptake of fipronil in their bodies."” In cows,
fipronil along with its metabolites can accumulate in adipose
tissues and then be excreted through milk and urine.'>'
Excessive feeding of such silage by feeders could ultimately
result in accumulation of residues. Currently, the most popular
methods of removing pesticide residues are physical processes,
instrumental techniques, and chemical and biological meth-
ods."”” Among these contemporary methods, physical adsorp-
tion is considered the most appropriate approach due to its
convenience and facile performance.

The direct analysis of fipronil residues from foodstuff using
instrumental analytical techniques is difficult due to their
complex matrixes and low concentrations."®

Molecularly imprinted polymers (MIPs) acquire specific
recognition sites that are complementary to the targets in
terms of form and functionality. MIPs are promising
alternatives to natural and synthetic receptors for analysis in
complex matrices due to their premium thermal and chemical
stability and selectivity.

MIPs are considered fine separation materials due to their
specificity, sensitivity, thermodynamic stability, effective usage
in complex samples, template removal and rebounding during
extraction, excellent reusability, and low cost. All of these
features are attributed to their high demand. Due to their
compatibility with other traditional analysis techniques, MIPs
have various applications in different fields such as separation
science, analytical chemistry, bioenvironmental analysis, and
pesticide analysis.'”*°

Based on the selective properties of imprinted polymers, we
selected this technique for the targeted extraction of fipronil
from milk samples through dispersive solid-phase micro-
extraction (DSPME).

DSPME is a simple, quick, and economical process for
separating, concentrating, and purifying a variety of analytes
from real samples with high extraction efficiency, high
enrichment factor, and less sample solution consumption.
This method, in comparison with SPME, has several
advantages, e.g., there is no need of designing a fiber and
coating it with a sorbent. Thus, it minimizes the limitations and
difficulty of adhering the sorbent on a fiber. It also overcomes
the challenges faced due to sorbent swelling in organic
solvents. Furthermore, it simplifies the extraction and
desorption procedure.”!

The current study thus describes the designing of a novel
MIP for the determination of fipronil in milk samples through
DSPME, which has not been reported before. The developed
method combines the benefits of specific extraction and the
analysis of fipronil as well as miniaturization of the extraction
system. The effective optimization of different parameters such
as concentration, pH, time, and temperature was evaluated by
response surface methodology.

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents. Acrylic acid (AA, purity
>99.5%) and acrylonitrile (AN, purity >99.5%) were
purchased from Merck (Germany). Standard fipronil
(99.5%) was obtained from Sigma-Aldrich (Germany) and
used as a template. The monomer, vinyl acetate (VA, purity
>99%); initiator, benzoyl peroxide (BZO, purity: 99%);
crosslinker, ethylene glycol dimethacrylate (EGDMA, purity:

97%); and solvents acetone (purity: 99.5%) and acetonitrile
(ACN, purity: 99.8%) were obtained from Fluka USA.

2.2. Synthesis of MIP. Molecularly imprinted polymers for
fipronil (template molecule) were synthesized by the
coprecipitation method. For the preparation of preassembly
solutions, fipronil (0.45 g) was mixed with 20 mL of
acetonitrile. After that, 0.3 mL of acrylic acid, 0.25 mL of
acrylonitrile, and 0.35 mL of vinyl acetate acting as functional
monomers were added, followed by the addition of a
crosslinker (3.8 mL of EGDMA) and initiator (0.01 g,
BZ0O). The mixture was sonicated in a water bath for S min
with continuous nitrogen gas purging. The flask was firmly
sealed after nitrogen purging. The solution was heated for 24 h
at 70 °C. The resulting polymer was washed with acetone to
remove the template molecule and unreacted monomers
through Soxhlet extraction. In the absence of a template, the
nonimprinted polymer (NIP) was prepared as a blank using
the same method as explained above.

2.3. Characterization. A Bruker o II FTIR spectrometer
(Bruker, Billerica, MA) equipped with a single reflection
diamond automatic refractometer (ATR) module was used to
record Fourier infrared spectra for adsorbents in the range of
4000—550 cm™'. A scanning electron microscope (SEM,
Hitachi SU8000, Tokyo, Japan) was used to study the surface
morphologies of MIP and NIP. Thermogravimetric analysis for
the thermal stability of adsorbents was carried out using a TGA
unit (Pyris Diamond series, PerkinElmer, Waltham, MA)
under a nitrogen atmosphere. MIP and NIP surface area and
pore size distribution were measured using a 2000-12, Quanta-
chrome Instruments version, 5.1, using the Brunauer—
Emmett—Teller (BET) method. The binding capacity was
determined using a Shimadzu UV-800ENG240V, SOFT
spectrophotometer (Shimadzu, Japan). For chromatographic
analysis, an Agilent 1100 liquid chromatograph (Palo Alto,
CA) with a quaternary pump, a heated column compartment, a
diode array detector (DAD), and an LC workstation was
employed.

A 2000-12, Quanta-chrome Instruments version 5.1 was
used to achieve Brunauer—Emmett—Teller (BET) and N,
adsorption—desorption isotherms in the pressure ratio of
0.0658629—0.466542 for analyzing the surface area and pore
distribution at 77.3 K. A quantity of 50 mg of dried MIP and
NIP was used for analysis. The degassing of all of the samples
was carried out under nitrogen flow prior to measurement.

2.4. Response Surface Methodology. Using Design
Expert (version 13; Stat-Ease) software, the response surface
methodology, which consists of a set of statistical methods for
batch optimization and analyzing process factors, was
determined. For the model coeflicient’s determination in
quadratic terms, four variables, i.e, pH, time, concentration,
and temperature, were used (Table S1). The central composite
design (CCD) was built by creating 27 experimental runs to
evaluate the binding capacity (Table 2). The binding capacity
was calculated with the help of eq 1

=MXV
m (1)

e

where g, is the binding capacity, “C,” and “C,” are the initial
and equilibrium mass concentrations of the analyte in solution,
respectively, “V (L)” represents the volume of the solution, and
“m (g)” is the mass of the MIP used.

https://doi.org/10.1021/acsomega.2c05217
ACS Omega 2022, 7, 41437—-41448


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05217/suppl_file/ao2c05217_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05217?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

N\\+)+ ~ Q
\

K@Ho \7

F308

Acrylonitrile  Vinyl acetate
(monomer)

Acrylic acid

(monomer) (monomer)

Molecularly Imprinted Polymer containing template

Figure 1. Schematic diagram of the MIP synthesis.

Fipronil (template)

Template
removal

02O °
=

EGDMA
(cross linker)

The significance of regression coefficients was evaluated
using ANOVA, and RSM experimental sets were designed
using Design expert (version 13; Stat-Ease) software.

2.5. Adsorption Isotherms and Kinetic Studies. To
apply the adsorption isotherm, a relationship between the
binding capacity of MIP and the concentration of fipronil was
devised. In a typical experiment, 50 mg of MIP was
equilibrated with solutions containing fipronil at various
concentrations ranging from 10 to 120 mg L™ for 18 min
and filtered using an HPLC-grade filter (0.4S ym). A UV—vis
spectrophotometer was used to assay quantitatively.

Similarly, a set of experiments by varying the adsorption
time between 1 and 18 min was performed to assess the effect
of increasing time on the binding capacity of MIP for
adsorption kinetic experiments. In both cases, linear and
nonlinear models were applied.

2.6. Imprinting Factor. The specific factor («) for fipronil
was determined by calculating the equilibrium adsorption
capacities of MIP (g,,, mg g”*) and NIP (g,, mg g~') using eq
2

(R

m

a=-1
1 2)

2.7. Selectivity of MIPs. Cross-reactivity assays were
performed to assess the ability of MIPs for the selective
retention of fipronil in the presence of structurally related
analogues. Fipronil was compared with chlorfenapyr, and their
affinities with MIP were expressed on the basis of percentage

41439

recoveries. The DSPME conditions for these tests were the
same as for the fipronil assays. The HPLC conditions reported
in the literature were used for quantitative analysis.””

2.8. Dispersive Solid-Phase Microextraction of Fipro-
nil from Milk Samples. The performance of the synthesized
MIP was assessed by analyzing cow milk samples collected
from a local area. A total of 10 mL of milk sample was taken in
a centrifuge tube, and to this, MgSO, (S g) and NaCl (1 g)
were added, followed by the addition of acetonitrile (10 mL).*’
The solution was centrifuged at 8000 rpm for 10 min, and the
supernatant (upper layer) was separated for further steps. The
obtained upper layer was spiked at three different concen-
trations (0.01, 15, and 30 mg L") of fipronil. To each
concentration, 15 mg of MIP was added as the DSPME
sorbent, and the mixture was shaken at optimized experimental
conditions. The sample was centrifuged, and the MIP was
separated from the rest of the solution. The fipronil, desorbed
from the surface of the MIP using acetonitrile solvent (10 mL),
was analyzed through HPLC equipped with a diode array
detector (DAD). A mixture of acetonitrile/phosphate buffer
(60:40, v/v) at pH S was used as the mobile phase. A 250 X
4.6 mm?* long C 5 column, whose temperature was set at 35 °C,
with a diameter of 5 ym, was selected as the stationary phase.
The percentage recovery of the target analyte was calculated
using eq 3.

C - C
( found real) % 100

recovery (%) = c )
real
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where C;is the amount of fipronil determined after spiking and
Crea and C, 444 are the actual and added amounts of the fipronil
present in the sample, respectively.

3. RESULTS AND DISCUSSION

The success of the template’s imprinting in a polymeric matrix
mainly depends on the strong interactions between the
template and the functional monomer in the prepolymerization
step. In most cases, hydrogen bonding is the type of interaction
that enhances the strength between the template and the
monomer in the case of a noncovalent approach.”* In this
study, MIP was synthesized utilizing a simple, noncovalent
method based on dipole—dipole interactions between the
template and the monomer. In a prepolymerization stage, the
functional groups (e.g, cyano, sulfanyl, chloro, and fluoro)
possessed by the fipronil molecule facilitate hydrogen bonding
with monomers, resulting in a stable template monomer
complex.

The availability of many functional groups (e.g, —CO,
—COOH, and —CN) on MIP that could show dipole—dipole
interactions with various functional groups of fipronil was also
a key factor in monomer selection. Furthermore, using three
monomer MIPs (vinyl acetate, acrylic acid, and acrylonitrile)
to synthesize MIP provided significant selectivity for fipronil
over its structural analogues. The prepared NIP was expected
to lack specific sites of recognition as it was prepared without
the addition of fipronil (Figure 1).

3.1. Characterization. 3.1.1. FTIR Analysis. FTIR analysis
of both MIP and NIP (Figure 2) suggests the presence of the

1027 ——MIP
——NIP
® 100-@%
(8]
c
_.(g 4
g 98 -
c
g
*
96
94

T T T T T T
3500 3000 2500 2000 1500 1000

wavenumber (cm™)

Figure 2. FTIR spectra of NIP and MIP.

C=O0 group as well as a less intense band of the —OH group
stretching at 1727 and 3550 cm™" due to carboxylic acids. The
C—H stretching of methyl and unsaturated systems with sp*
hybridization appeared at 2970 and 3070 cm™', respectively.
The bands at 1450 and 1380 cm™ confirm the presence of C—
H bending of methylene and methyl groups. The O—H
bending of carboxylic acid appeared at 1420 cm™!, while the
strong band at 1150 cm™" is due to the C—O stretching mode.

The peak at 2241—2240 cm™" could be explained by the CN
of acrylonitrile. The vinyl group is attributed to the weak peaks
at 910 and 994 cm™. Similarities in spectral bands confirm the

presence of the same functional groups as well as the chemical
composition of both MIP and NIP.

3.1.2. Thermogravimetric Analysis. The thermal stability of
MIP and NIP was determined by thermogravimetric analysis
(TGA). The TGA of the synthesized NIP shows a small
amount of first weight loss of about 3% approximately at 60
°C, which is due to the desorption of physically absorbed
water. Polymeric decomposition occurred in three prominent
steps. At temperatures between 200 and 400 °C, ester bonds
are expected to break, which make the major part of the
polymer due to the presence of EGDMA. However, the highly
crosslinked part of the NIP showed decomposition at a further
elevated temperature of S00 °C. A similar trend was observed
in the decomposition of MIP owing to the same precursors
used for the synthesis. Thus, the similar degradation patterns
confirm the same chemical structures of NIP and MIP, which
further strengthens the statement that the selective adsorption
of the analyte is due to the physical interaction with imprinted
sites in MIP. The curves (Figure 3) show that for routine
environmental sample analyses that require temperatures
below 200 °C, the MIP appears quite stable and hence
applicable.

3.1.3. Scanning Electron Microscopy. A clear difference in
NIP and MIP particles’ appearance was seen in SEM images
(Figure 4). Both MIP and NIP had clustered spherical-shaped
particles with a nearly uniform size and shape and appeared
aggregated.

3.1.4. Nitrogen Adsorption/Desorption. Surface area and
pore size of adsorbents are critical for describing adsorbent
properties because they can affect analyte retention abilities. N,
adsorption—desorption isotherm and pore size distribution for
MIPs and NIPs are shown in Figure S. MIPs showed larger
pore size and pore volume than NIPs, which is possibly owing
to the creation of imprinting cavities in MIPs. Using the BET
technique, the specific surface area of NIP was calculated to be
58.48 m* g”'. Moreover, the mean pore volume of NIP was
calculated to be 0.53 cc g_l. On the other hand, MIP showed a
higher surface area of 171.45 m* g”' and a mean pore volume
of 0.945 cc g™".

3.2. Cross-Reactivity. Fipronil and chlorfenapyr both have
two-membered heterocyclic rings and common functional
groups due to which there are maximum chances of their
binding to the MIP active sites. As a result, the possibility of
their affinity to MIPs cannot be ruled out, and cross-reactivity
studies were done to determine their specificity. Chlorfenapyr
is made up of phenyl rings with bromine, fluorine, cyano, and
alkoxy groups, as shown in Figure S1. Based on structural
similarities, it was predicted that the MIP would behave
similarly toward both fipronil and chlorfenapyr in terms of
affinity. However, the percentage recovery of chlorfenapyr was
24.8% (n = 3), while that of fipronil was found to be 94.6% (n
= 3), which is a significant difference and can be attributed to
the presence of specific binding sites on MIP for the fipronil
structure shown in Figure 6. The MIP can thus be considered
selective toward the target analyte as compared to its structural
analogue.

3.3. Response Surface Methodology (RSM)—Central
Composite Design (CCD). RSM not only helps in studying
the interaction of independent parameters with each other and
their collective effect on the dependent variable in a designed
experiment but also decreases the number of experimental runs
replacing the batch adsorption studies. The batch assays are
mostly used for determining the optimum conditions in a
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Figure 3. Study of the thermal stability of (a) NIP and (b) MIP using TGA curves.
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Figure 4. SEM images of (a) NIP and (b) MIP.
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conventional procedure.”® The binding capacity of MIP by
changing different variables was studied by RSM. The
predicted experimental sets (Table 1) for the CCD model
matrix were used to calculate the binding capacity (q.). The
data followed the quadratic model (eq 4) by multiple
regression analysis

y=R+ DA%+ XX+ Y AXX, @

where f3, f, Py and f3; represent intercept, linear, quadratic,
and interactive model coefficients, respectively. € and y are the
random error and the predicted response, respectively. The
final predicted model in terms of the coded factor is described

by eq 5

Y= + 6.06 + 0.6564A + 0.1334B + 0.0069C + 0.0238D — 0.0442AB — 0.0184AC — 0.0096AD + 0.0271BC — 0.0210BD
+ 0.0011CD + 0.1590A2 + 0.0686B2 — 0.0484C2 — 0.1608D2 ()

while eq 6 is in terms of actual parameters
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Figure 5. Nitrogen adsorption/desorption study of (a) NIP and (b) MIP.

Table 1. Central Composite Design for Determining the
100 - Binding Capacity (q.) of MIP
. A B C D
&\O/ 80 concentration T time temperature 9.
> run (mg~L_1) pH (min) €°C) (mg g_l)
g 1 10 12 120 60 32.0
g 601 2 65 7 65 40 372
E,) 3 65 7 65 40 355
I 4 10 4 10 20 27.4
§ 407 s 120 4 10 60 45.0
’5 6 10 4 120 20 27.3
o 20 T 7 10 12 10 20 312
8 10 12 10 60 29.9
9 65 7 65 20 34.6
0 . . 10 120 12 120 20 46.0
Chlorfenapyr Fipronil 11 120 4 120 20 439
12 65 7 10 40 35.7
Figure 6. Percentage recovery of chlorfenapyr and fipronil on MIP. 13 120 7 65 40 47.0
14 65 4 65 40 35.8
Y =+ 4.60479 + 0.006274 X concentration 15 65 7 65 40 36.5
+ 0.000697 X pH + 0.001872 X time 16 120 4 10 20 44.0
17 10 7 65 40 31.6
+0.034183 X temperature — 0.000161 X concentration 18 10 4 120 60 28.0
X pH — 6.07361 X 10™° X concentration X time 19 120 4 120 60 441
20 65 7 65 60 3S8.5
+0.6842206 X concentration X temperature 21 65 12 65 40 40.0
+ 0.000098 x pH X time — 0.000210 X pH 22 10 12 120 20 320
23 65 7 120 40 37.1
X temperature 24 120 12 10 20 463
+9.89938 X 1077 X time X temperature 25 120 12 120 60 470
., 5 26 10 4 10 60 28.6
+ 0.000053 X concentration” + 0.002746 X pH 97 120 B 10 60 47.0

—0.000016 X time” — 0.000402 X temperature”
(6)

The significance of the participant’s variables in the process
depends on the P-value. If the P-values are more than 0.1, then
variables do not affect the process, while the essentiality of the
parameters can be attributed to P-values less than 0.0S. Fisher’s
P-value and F-value were 0.00001 and 147.91, respectively,
which were used to confirm the applicability of the quadratic
model through ANOVA statistical analysis. The lack of fit was
nonsignificant with P-value and F-value of 0.7135 and 0.7041,
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respectively. The value of R* greater than 0.8 suggests that the
empirical data is in agreement with the one obtained using the
relevant equations.26 The predicted and adjusted values of R*
were 0.9708 and 0.9875, respectively, which shows reasonable
agreement with each other because the difference was less than
0.2. Thus, this model can be exploited to navigate the design
space.”” The three-dimensional RSM contour plots in Figure 7
show the interaction of parameters with each other, i.e, pH,
concentration, temperature, and time. The model shows that
the binding capacity increases and reaches its maximum value
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at a concentration of 120 mg L pH 7, time 18 min, and 42
°C. Under these conditions, the model predicted a binding
capacity of 47.07 mg g~'. When the predicted parameters were
applied experimentally, a value of 47 mg g~' with a percentage
error of 0.15% was obtained, which is significantly close to
each other. The maximum binding at a slightly basic pH can be
due to the reason that more active sites are exposed for analyte
binding in a basic medium. However, there is a possibility that
hydrogen ions compete with the analyte for active sites in an
acidic medium. Because fipronil is less stable in alkaline
conditions, there was probably less binding with a further
increase in pH.'® While evaluating the effect of temperature, it
was observed that when the temperature was under 42 °C, the
molecules lacked sufficient energy to penetrate the MIP and
form hydrogen bonds with the inner-layer adsorption sites,
resulting in ineflicient adsorption mass transfer. In this
situation, a higher temperature could cause an increased
adsorption mass transfer of fipronil to the active sites of MIP.**
The graph between predicted and actual values is given in
Figure S2. The better distribution of the data can be explained
by the points close to the straight line, which shows that actual
values obeyed a specified function.

3.4. Imprint Factor. The maximum binding capacities of
MIP and NIP for fipronil were determined to calculate the
imprint factor. Figure 8 suggests that MIP exhibits a

50 4

0 T T T T T T T T T T T T
0 20 40 60 80 100 120

Concentration(mg L")

Figure 8. Comparison of the binding capacities of MIP vs NIP (n =
S).

remarkable binding capacity relative to the NIP, which
confirms the strong affinity between the imprinted site of
MIP and the fipronil molecules. MIP and NIP presented
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maximum ¢, values of 47 and 17.80 mg g, respectively. The
extent of the pesticide’s adsorption on NIP can be due to the
nonspecific binding sites. The relative binding capacities of
both MIP and NIP can be explained by a factor known as the
imprinting factor (IF). An IF value greater than 1 is acceptable
for successful imprinting.29 In this study, the IF value was 2.64,
comparable to the IF of 2.02 used for the extraction of
lufenuron.”” A number of previous studies based on different
templates using MIP as the sorbent have obtained comparable
values. For example, the IF value for the quantification of the
textile dye acid violet 19 by respective MIP in a real sample
was 2.89.°° The IF values of molecularly imprinted materials
for the determination of different pesticides such as diazinon,
parathion methyl, and pirimiphos-methyl were 2.88, 3.09, and
1.64, respectively.”'

3.5. Kinetic Modeling. Kinetic-based models such as
pseudo-first order and pseudo-second order have been applied
to explain adsorption mechanisms and the steps for limiting
adsorption rates. Various kinetic models, such as linear and
nonlinear, of differing degrees of complexity are commonly
used. The adsorption process is carried out by a multistep
mechanism, which includes binding the analyte physically or
chemically to the adsorption sites as well as mass-transfer
diffusion of the analyte to the surface and into the pore. These
control mechanisms are explained by the pseudo-first-order
(diffusion-controlled) and pseudo-second-order (chemically
controlled) kinetic models. The analyte diffusion to the
adsorbent surface is the rate-determining step of the
adsorption process, according to the pseudo-first-order kinetic
model, while the interaction between the analyte and the
adsorbent is the rate-determining step of the adsorption
process, according to the pseudo-second-order kinetic model.

Nonlinear modeling has been suggested as a better method
than linear regression because it provides more realistic kinetic
parameters.”” This is the first time-series modeling technique
that assesses all models, allowing for a more realistic
comparison to determine which model best reflects a certain
kinetic data set. The discontinuity of models and the
determination of any parameter before time can be minimized
using this technique.” The best fitting of a kinetic model for
adsorption studies can be explained by the low value of y?, the
high value of R?, and the correlation of g, experimental values
with the calculated g, values.”* We applied a nonlinear
approach of pseudo-first-order (PFO) and pseudo-second-
order (PSO) models to analyze the kinetic data. The minimum
value of y* (0.96) and the maximum R? (0.99) value close to 1
for the fipronil on the MIP indicated the best fitting of pseudo-
first order (PFO). These results indicate that the fipronil
molecules are adsorbed on the binding sites of MIP via a
physisorption mechanism that involves a physical interaction
like hydrogen bonding between the functional groups of the
adsorbent and the template.”® The nonlinear and linear forms
of the PFO models are described in eqs 7 and 8, respectively.
Similarly, eqs 9 and 10 relate to the nonlinear and linear PSO
models, respectively.

qt = qe(l - ek‘t) (7)
In(q, — q) =Ilnq, — kit (8)
1 1 1 1

q, | k2q, tq, ©)

t 1 1

- = [+ —t

4; [kz‘ie ] 9, (10)
where g, is the unit adsorption capacity of the MIP at
adsorption equilibrium (mg g~'), g, is the unit adsorption
capacity of the MIP at any time (mg g™'), k; is the PFO rate
constant (1/h), k, is the PSO rate constant (mg g~' h™"), and t
is the adsorption time (h) (Figure S3).

3.6. Adsorption Isotherms. The Freundlich and
Langmuir models were applied to analyze the adsorption
behavior of fipronil on the corresponding MIP at an initial
fipronil concentration of 15 mg L™". The linear fitting of the
Freundlich and Langmuir models show R* values of 0.97 and
0.78, respectively. On the other hand, the nonlinear fitting
models have R? values of 0.99 and 0.98 for Langmuir and
Freundlich isotherms, respectively. Studies have shown that the
determination of the best isotherm model does not depend
only on the R’ value, and to determine the best isotherm
model, coupled with a higher R* value, there must be closeness
between the data of g, and qeexp.?’6 In the fitted models, the g,

values are 43.25 and 60 for Freundlich and Langmuir
isotherms, respectively. These results indicate the best fitting
of the Freundlich isotherm, which not only has both linear and
nonlinear model values close to 1 but also the g, value is close
to the calculated value. The “n” value in the Freundlich
equation was close to 1, which accounts for the physical
sorption of fipronil®” (Figure S4).

The Dubinin and Radushkevich model was also applied for
the adsorption study of fipronil, as shown in Figure S4c. Table
S3 describes the R* and g, values obtained for the model, i.e.,
0.6856 and 29.785 mg g~ ', respectively. The mean adsorption
energy (E) calculated from the Dubinin and Radushkevich
model was used to ascertain the type of adsorption process
under consideration.”® If 8 > E < 16 (lies between 8 and 16 k]
mol '), then the sorption process is chemisorption. On the
other hand, if the E value is less than 8 kJ mol™, then the
sorption process is physisorption.”” The adsorption energy
value, in the current work, was found to be 2.13 X 107™* kJ
mol™!, which suggests the interaction to be in the range of
physical adsorption reactions.*’

3.7. Analysis of Fipronil in Milk Samples and Quality
Assurance. For the selective adsorption of fipronil, the basic
quality assurance (QA) parameters for the MIP-based method
were evaluated in terms of precision, the limit of detection
(LOD), and relative recovery. To calculate inter- and intraday
precision values, three sets of experiments were performed:
one each in the morning and evening, and the third one after
one week, with the relative standard deviations being estimated
to be 1.64% (n = 5), 1.72% (n = S), and 1.76% (n = 5),
respectively. The LOD and LOQ were calculated as 5.64 X
107 and 1.71 X 1075 ug mL™, respectively. The linear range
was 6 X 107°—4S pug mL™". The percentage recovery of fipronil
was 94.6 + 1.90% (n = 9).

Further, for real sample analysis, cow milk was collected to
evaluate the effectiveness of MIP for its practical applications.
The contamination of cow milk with pesticides through various
pathways is becoming inevitable, and that is why a maximum
residue limit of various pesticides has been established by the
European Commission.”’ In analyses where a targeted
detection and quantification of an analyte is required, MIP
can be considered superior over other sorbents due to its
specific interaction with the analyte. Thus, MIP was
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Figure 9. HPLC chromatograms of (a) the sample solution before adsorption, (b) the filtrate after the adsorption of fipronil on MIP, and (c) the
desorbed fipronil that was previously loaded on MIP. HPLC conditions: C18 column, flow rate: 1.5 mL min~’, and mobile phase with acetonitrile/

phosphate buffer (60:40, v/v).

synthesized to be used as a DSPME sorbent for the targeted
determination of fipronil from milk samples. The HPLC
chromatogram of the spiked milk sample was obtained before
DSPME and is shown in Figure 9a. A prominent peak of
fipronil was seen at a retention time of 8.5 min. Two more
peaks of unknown compounds were also observed in the
sample chromatogram. Figure 9b presents the chromatogram
of the solution obtained after DSPME where the fipronil peak
is absent. It confirms the adsorption of fipronil on MIP during
extraction. Figure 9c is the graphical display of the solution
containing desorbed fipronil that was bound to MIP during the
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DSPME process. A single prominent peak of fipronil confirms
the selectivity of MIP toward the target pesticide.

3.8. Regeneration Studies. The reusability of the MIP
was tested by using it for six consecutive cycles. The first
cycle’s recovery rate was 94.8%; however, the subsequent
cycles did not display a pronounced decrease in the percentage
recovery. Furthermore, it was interesting to observe the
anomaly in the sixth cycle with a slight increase in the
percentage recovery. The irreversible occupancy of a small
proportion of MIP’s active binding sites by fipronil molecules

likely caused a small decrease in recovery after six cycles
(Figure SS).
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Table 2. Comparison of the Performance of Various Adsorbents for Determining Fipronil Presence in Varied Matrixes”

no. sample matrix adsorbent method

1 tap water CQD@MIS FDM

2 oil HA-SiO, SPE

3 peanut MWCNTs QuEChERS-LC-MS/MS
4 maize organic solvents GC-ECD-SPE

N milk MIPs DSPME

LOD (ug mL™) RSD recovery, % ref
1.9 x 107° 1.22 91.2 42
3x107*=5x 107* 0.9-8.7 83.0—104.0 43
3x107* <19.0 66.0—116.0 44
5% 1074-25 x 107* <8.9 83.1-106.0 45
5.645 X 107 1.64—1.76 94.6 current study

“FDM, fluorometric determination method; DSPME, dispersive solid-phase microextraction; SPE, solid-phase extraction; MIP, molecularly
imprinted polymer; QuEChERS, quick, easy, cheap, effective, rugged, and safe; MWCNTSs, multiwalled carbon nanotubes; HA-SiO,, humic acid-
bonded silica; CQD, carbon quantum dot; MIS, molecularly imprinted silica.

3.9. Comparative Studies. The potency of the developed
method was compared with that of the already existing
methods by reviewing the literature. Sorbents such as
molecularly imprinted silica, carbon quantum dots (CQD@
MIS),”* and humic acid-bonded silica (HA-SiO,)* were
considered for comparison with newly synthesized MIPs.
Moreover, the QuEChERS method using multiwalled carbon
nanotubes** and application of organic solvents*” has also been
reported. Table 2 describes the comparison of fipronil
determination using various methods. Among these studies,
the current method based on the MIP sorbent had the lowest
LOD and good selectivity for fipronil from milk samples.

When compared to the other insecticides of the same class,
e.g., chlorfenapyr, the MIP-based sorbent showed a percentage
recovery of 94.6% for fipronil in the present research. The
enhanced performance of the MIP sorbent over the others for
fipronil extraction can be related to the design of the imprinted
cavity in the template’s molecular structure.

4. CONCLUSIONS

We report here the synthesis of a molecularly imprinted
polymer (MIP) as the adsorbent, its fabrication, and its
application for the selective determination of fipronil in milk
samples using dispersive solid-phase microextraction
(DMSPE), followed by high-performance liquid chromatog-
raphy (HPLC). The MIP-based method was able to determine
fipronil in milk samples with a low limit of detection (5.64 X
107 pug mL™") and limit of quantification (1.71 X 107> ug
mL™"). This method was able to achieve a low limit of
detection as compared to the published literature in this
regard. The adsorptive extraction of MIPs was performed best
at pH 7, with a binding capacity of 47 mg g ', which was
approximately thrice that of the nonimprinted polymer (17.80
mg g~'). Moreover, a high percentage recovery of 94.6% was
achieved. The current study could lead to a promising strategy
for extracting and analyzing trace quantities of fipronil from
real samples.
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