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Herein, a novel polypyrrole-polyaniline functionalized magnetic porous carbon (MPC@PPy-PANI)
composite material was fabricated and utilized for the separation/extraction of furfurals from baby food
and dry milk samples. In this way, magnetite@silica nanoparticles were first synthesized, and then
a magnetic metal-organic framework (MMIL-101(Fe)) was prepared. After that, the MMIL-101(Fe) was
pyrolyzed in a neutral atmosphere to obtain MPC. Ultimately, the MPC was functionalized with a co-
polymer of aniline—pyrrole via oxidation polymerization. The synthesis of MPC@PPy-PANI was confirmed
with FT-IR spectroscopy, SEM, TEM, VSM, and XRD techniques. Furfural and hydroxymethyl furfural were
selected as the model analytes, which were separated/quantified on an HPLC-UV instrument. The LODs,
LOQs, and linear dynamic ranges (LDRs) were in the range of 0.3-0.7 pg kg%, 1.0-2.5 ng kg%, and 1.0-
600 ng kg~! respectively. Repeatability of the method was studied as an RSD parameter, and was
located in the range of 5.5-6.8% (within-day, n = 5) and 8.2-9.4% (between-day, n = 3 days). The
applicability of the proposed method was established by analyzing several baby food and dry milk
samples. The relative recovery (RR%) and repeatability were located in the range of 86-111% and 3.3—
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1. Introduction

Furfural (F) and hydroxymethyl furfural (HMF) form during the
heat treatment of foods. F and HMF are the decomposition
products of pentose and hexose, respectively.” The main
reactions in the formation of these pollutants are sugar
decomposition, caramelization, and the Maillard reaction.
Actually, F and HMF are intermediate products of the Millard
reaction that can undergo further decarboxylation, oxidation,
dehydration, and reduction reactions to produce melanoidins
as the final Maillard products.>* Furfurals are mutagenic and
exhibit DNA strand-breaking activity.® Although these
compounds are found in fresh and untreated foods, their
concentration can be increased during heat processing, and
they can be utilized as a valuable tool to evaluate the heat
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10.1%, respectively, showing excellent accuracy and precision of the method.

damage to foods.® Baby formulas contain vitamin A, iron, and
lactose compounds, which increase the probability of the
Maillard reaction occurring in them.” According to the Euro-
pean Union legislation, the HMF concentration of honey after
processing/blending should be <40 mg kg '. Moreover, the
HMF concentration in honey originating from countries/
regions with a tropical ambient temperature should be
<80 mg kg '.® The furfurals are evaluated as nutritional dete-
rioration and heat damage indicators in honey, fruit juices, and
milk-based infant formula, which are utilized in preparing of
infants and baby food.?

Diverse sample preparation/analytical techniques including
spectroscopy,” solid-phase extraction-gas chromatography/
mass spectrometry (SPE-GC/MS)," SPE-LC-MS,"* and SPE-LC-
MS/MS* were utilized for the furfurals determination in food
samples. A sample pretreatment step is essential before the
analysis step owing to the matrix effect, and the low concen-
tration of these compounds in foods. Accordingly, developing
an easy, quick, precise, and reliable preconcentration/extraction
method before the furfurals determination is vital for analytical
chemists.

Magnetic-SPE (MSPE), a new form of SPE, which employs
magnetic nanoparticles/composites, is extremely utilized in
sample pretreatment.’*™*° In this regard, nano/microadsorbents
with superparamagnetic properties are utilized which can be
magnetically separated from the extraction media and so omit
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the need for the time-consuming filtration/centrifugation
step.””*® A problem in the case of magnetic adsorbents usage
is their high tendency for aggregation, which suppresses their
performance during the extraction process. Moreover, the bare
magnetic nanoparticles (MNPs) have not the suitable moieties.
These problems can be solved by employing a spacer, and
functionalization.” In this way, MNPs were coated with various
materials, including carbon-based, silica, metal-organic
framework (MOFs), etc. A MOF is a class of meso/nanoporous
materials with immense framework structures, composed of
a metal/or metals as the centers and an organic compound as
the linker. MOF-derived magnetic porous carbons (MPCs) are
a class of unique materials obtained from magnetic MOFs as
precursors.” The final represents the superparamagnetic
features of MNPs along with the unique characteristics of
MPCs.*

Herein, a novel PPy-PANI functionalized MPC material was
fabricated and utilized for the separation/extraction of furfurals
from baby food and dry milk samples. In this way, magnet-
ite@silica NPs were synthesized firstly, and then a magnetic
metal-organic framework layer (MMIL-101(Fe)) was prepared.
After that, the MMIL-101(Fe) was pyrolyzed in a neutral atmo-
sphere to obtain MPC. Ultimately, the MPC was functionalized
with a co-polymer of aniline-pyrrole via the oxidation polymer-
ization. This is the first report on the fabrication and utilization
of MPC@PPy-PANI for furfural extraction/determination in
baby food and dry milk samples.

2. Experimental

2.1. Materials and solutions

F and HMF (analytical-grade), acetonitrile and methanol
(HPLC-grade), ethyl acetate, ethanol (EtOH), isopropanol,
acetone, FeCl;-6H,0, FeCl,-6H,0, terephthalic acid (H,BDC),
K;[Fe(CN)e], aniline, ammonium persulfate, pyrrole, NaOH,
NaCl, (Zn(OAc),), N,N-dimethylformamide (DMF), acetic acid,
and NH,OH solution (25% w/v) were purchased from Merck
(Darmstadt, Germany) or Sigma-Aldrich (Germany). A Milli-Q
system (Millipore, MA, USA) was employed to prepare deion-
ized water (DI). The real samples (dried milk/baby food) were
obtained from the local drug stores (Tehran, Iran) and main-
tained in a refrigerator (4 °C) before analysis.

Stock solutions of F and HMF (1000 mg L") were prepared
in HPLC-grade methanol. The mixed working solutions were
prepared by dilution of the proper volumes of the stock solution
in DI water. To prepare the Carrez solution, 10.6 g K3[Fe(CN)s]
was dissolved in 100 mL DI water. Carrez solution II was ob-
tained by mixing 21.9 g Zn(OAc), and 3 mL HOAc in a 100 mL
volumetric flask and adjusting the volume by DI water.

2.2. Instrumentation

The chromatographic assay was conducted on a Wellchrom
Knauer HPLC system (Berlin, Germany). This instrument is
composed of a smart line pump1000, a multiple solvent delivery
unit, a 6-port/3-channel injection valve (Knauer, Germany), a K-
5020 vacuum degasser, and a smart-line 2500 UV-vis detector.
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Separation of the analytes were carried out using a C18 Knauer
HPLC column (Knauer, Germany, 250 x 4.6 mm L.D., 5 um).
The mobile phase was composed of DI water, and acetonitrile
(95 : 5 v/v) which was filtered via a Millipore 0.22 pm membrane
filter before use. A flow rate of 1.0 mL min~* was used for the
separation. Detection of the target analytes was performed at
285 nm and the injection volume was 100 pL.

XRD characterization was conducted using a Philips-PW 12C
diffractometer instrument (Amsterdam, The Netherlands, Cu
Ko as the radiation source). FT-IR characterization was per-
formed on a Bruker IFS-66 spectrophotometer (Karlsruhe, Ger-
many). TEM assay was carried out on a Zeiss-EM10C-100 kv
instrument (Carl Zeiss, Germany). Magnetic features (at room
temperature and 1 Tesla) were studied utilizing a vibrating
sample magnetometer (VSM) (Kashan Kavir; Iran). SEM assay
was performed on a KYKY-3200 instrument (Beijing, China).

2.3. Synthesis of the functionalized MPC

MNPs@SiO, were fabricated using the coprecipitation method
according to a previous report.”**> MIL-101(Fe) was synthesized
as follows: in brief, 0.5 g MNPs along with 3.4 g FeCl;-6H,0 was
dissolved in 50 mL DMF vig stirring for 45 min (mixture A). After
that, H,BDC 1.0 g was added to 50 mL DMF (mixture B).
Thereafter, the two mixtures were transferred into a Teflon-line
autoclave and heated for 24 h at 110 °C.*»® Ultimately, the
magnetic composite (MMIL-101(Fe)) was magnetically gathered
from the solvent and washed with 20 mL DI water (3 times) and
20 mL EtOH (3 times) to discard the unreacted chemicals and
finally dried at room temperature. MIL-101(Fe) was fabricated
in the absence of MNPs.

To obtain MPC, the MMIL-101(Fe) was pyrolyzed at 600 °C in
a neutral N, atmosphere for 2 h. Then, a polymer layer of the
type polypyrrole-polyaniline was coated on the surface of MPC
via oxidative chemical polymerization. In brief, 1.0 g MPC was
suspended in 250 mL DI water and then 6.0 g FeCl;-6H,0 was
added and stirred for 10 min. After that, a mixture of 0.8 mL
pyrrole and 0.4 mL aniline was dropwise added to the reaction
mixture and stirred for 5 min. The reaction was continued for
6 h at room temperature. Finally, to discontinue the polymeri-
zation, 10 mL acetone was added to the mixture. The
MPC@PPy-PANI material was magnetically isolated and washed
with DI water and acetone several times to discard the unreac-
ted chemicals and then dried at 50 °C for 12 h.>* The structure of
the MPC@PPy-PANI was characterized with various methods
such as FT-IR, SEM, TEM, VSM, and XRD.

2.4. Real sample preparation

Briefly, 10.0 g of each sample was added to 10 mL DI water in
a conical tube and then spiked with the target analytes. After
that, the obtained mixture was stirred for 5 min to gain
a homogeneous mixture. Thereafter, 4.0 g of the homogeneous
sample was transferred into another conical tube and
0.02 mol L™ " NaOH solution (9.0 mL) was added for hydrolyzing
the sample. Next, the pH of solution was fixed at 3.0 and a 4 mL
mixture of carrez I and II solutions (1:1) was added to the
sample for the protein precipitation® and it was shaken for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2 min. Finally, the mixture was centrifuged for 5 min at
4000 rpm, the supernatant was separated and filtered by a Mil-
lipore 0.45 um cellulose acetate membrane filter.>® In another
way, the spiked procedure was carried out directly on the
sample, followed by a rest period of 1 h to achieve a better
interaction of the analytes (standard solution) with the food
matrix. The results revealed no significant difference between
the two spiking methods, thereby the spiking process was per-
formed in the solution due to its simplicity and time-saving.

2.5. MSPE procedure

At first, 42 mg of MPC@PPy-PANI was dispersed into 47.5 mL
0.1 pg mL ™" analyte solution/real samples containing 15% w/v
NaCl. After that, the pH of sample was fixed at 5.3, and the
mixture was stirred for 15 min. Afterwards, the MPC@PPy-PANI

(@)
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was magnetically separated from the extraction medium for less
than 2 min. Next, about 45 mL of the supernatant solution was
discarded and then the remaining solution was transferred into
a 6 mL conical vial. The MPC@PPy-PANI material was
magnetically separated again and then washed with 130 pL
MeOH for desorption of target analytes under a fierce vortex
(3.0 min at 3000 rpm). At the end, the MPC@PPy-PANI was
gathered magnetically and the collected eluent was subjected to
the HPLC system.

3. Results

3.1. Characterization study

The FT-IR spectra of MMIL-101(Fe), and MPC@PPy-PANI
material were recorded to characterize the functional groups
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Fig. 1 FT-IR spectra of (a) MMIL-101(Fe) and (b) MPC@PPy-PANI materials.
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of these composites (Fig. 1). In the case of MMIL-101(Fe)
(Fig. 1a), the absorption peaks of Fe-O (584 cm™ '), Si-O-Si
(1045 cm™"), C-O-C (1385 and 1621 cm™ '), C=0 (1716 cm 1),
and O-H (3386 cm ™ ') are observable and affirm the synthesis of
magnetic MIL-101(Fe). For MPC@PPy-PANI (Fig. 1b), the bands
at 584 cm™" (Fe-0), 1295-1442 cm™ " (C-N), 1567 cm ™" (C=N,
C=C), and 3402 cm ™' (N-H) are related to a composite of MPC,
and PPy-PANI.

The SEM and TEM methods were utilized to study the
morphology/dimension of MPC@PPy-PANI material. SEM
micrograph of MPC@PPy-PANI (Fig. 2a) exhibits a 3D porous
structure, with a spherical morphology (diameter, ~45 nm). The

26 KV 40.0 KX 1um KYKY-EM3200 SN:0698

)

Fig. 2 (a)

SEM and (b)
nanocomposite.

TEM micrograph of MPC@PPy-PANI
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TEM micrograph (Fig. 2b) represents that MPC@PPy-PANI with
a highly porous structure, and shows no noticeable aggregation
with an average particle size of ~30 nm. The difference between
the particle sizes of the two techniques can be attributed to the
higher resolution of the TEM method.”

The structure of MMIL-101 and MPC@PPy-PANI materials
was investigated by the XRD technique (Fig. 3). In the case of
MMIL-101(Fe), the XRD pattern exhibits diffraction peaks at 26
=9, 16.5 and 18.6, which are characteristics of MIL-101(Fe).
Moreover, the peaks related to Fe;O, are observable at 30.2,
35.6, 43.4, 57.2, 63.0, and 74.5. In the case of MPC@PPy-PANI,
the presence of diffraction peaks at 30.1, 35.6, 43.3, 57.3, 62.8,
and 74.2 is attributed to Fe;O, crystal and affirms the presence
of these particles.

Finally, the magnetic features of magnetite, MMIL-101(Fe),
and MPC@PPy-PANI were established using the VSM tech-
nique (Fig. 3c). The results reveal no magnetic hysteresis loops
in the VSM curves that exhibit superparamagnetic properties
of the fabricated materials. The saturation magnetization (SM)
of magnetite, MMIL-101(Fe), and MPC@PPy-PANI are 68, 50,
and 40 emu g ', respectively. These SM values are sufficient
for the MSPE process. The decrease in magnetization of MMIL-
101(Fe), and MPC@PPy-PANI is due to the formation of the
carbon skeleton, a polymer layer, and MOF, which acts as
a shield.”>*®

3.2. Optimization

3.2.1. Adsorbent selection. In this way, the effect of MNPs,
MIL-101(Fe), MMIL-101(Fe), MPC, and MPC@PPy-PANI
materials on the extraction efficiency of target furfurals were
studied (Fig. 4a). The highest extraction efficiency was ob-
tained by employing MPC@PPy-PANI, which can be related to
the presence of the co-polymer, and the MPC. The target
analytes are high polar compounds (F, log P = 0.41; HMF, log
P = —0.39), and so functionalization of MPC with PPy-PANI
can enhance their extraction efficiency via w-m stacking, m—
cation interaction, and H-bonding formation.>***° Accord-
ingly, MPC@PPy-PANI was selected as the best adsorbent due
to its excellent performance and superparamagnetic
properties.”®

3.2.2. Effect of eluent and salt addition. Eluent has a very
significant role in the MSPE and affects extraction performance. In
this regard, a proper eluent should have strong solving power for
the target analytes, and also it should be compatible with the
detection instrument. In this way, the effects of various eluents
such as MeOH, ACN, EtOH, acetone, isopropanol, and ethyl
acetate were evaluated. As illustrated in Fig. 4b, MeOH exhibits the
highest extraction efficiency and the ability for desorption of the
furfurals and so it was selected for the subsequent experiments.

The effect of salt addition to the sample solution on the
extraction efficiency of the furfurals was explored by varying the
NaCl concentration in the domain of 0-20% w/v (Fig. 4c). The
salt concentration is a variable that can change the diffusion
rate, and solubility of the furfurals in the sample solution. As
exhibited in Fig. 4c, the extraction efficiency of the target ana-
Iytes is improved up to 15% w/v NaCl concentration and then

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02481k

Open Access Article. Published on 02 August 2022. Downloaded on 12/5/2025 1:36:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(a) 60

Intensity
~ w - W
=) =] =] =]
. L L

=
=)

®) 150

View Article Online

RSC Advances

Intensity

—_ - ~
w S & S
(=) =] (=] =]

e

=}

40
Position (26)

20 30

©

Magnefization (emu/g)

50

T T 10
60 70 80

o 00000000000
)2

0000
00000000
4 ;z SAAAAAAAAAAA

0000

-7500  -5000  -2500 2500 5000 7500

AAAAAAAAAAAAL
00000000009

o
co0e09®® 0

-80
Applied magnetic field (Oe)

40 50 60 70
Position (20)

20 30 80

10000

#MNPs
© MNPs@MIL-101(Fe)
AMPC@PPy-PANI

Fig. 3 XRD patterns of (a) MMIL-101(Fe) and (b) MPC@PPy-PANI materials, (c) VSM curves of MNPs, MMIL-101(Fe), and MPC@PPy-PANI.

a slight decrease is observable. The enhancement of extraction
performance can be attributed to the salting-out effect. The
decrease of analytes extractability for NaCl concentration >15%

(@)

(b)

120

w/v can be corresponded to the solution viscosity increase.*
Moreover, the salt ions occupy the active adsorbent sites and
compete with analytes in the adsorption process.*
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Fig. 4 Effect of (a) nanoadsorbent type, conditions: sample pH, 5.5; nanoadsorbent amount, 40 mg; eluent volume, 150 plL; eluent type,
methanol; adsorption time, 20 min; desorption time, 2 min; 10% w/v NaCl. Effects of (b) eluent type, all conditions are similar to (a); except
nanoadsorbent type, (c) effect of NaCl concentration on the extraction efficiency, all conditions are similar to (b) except eluent type which is

methanol.
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Table 1 The studied parameters and their levels in CCD

Star points (o

Level =2)

Lower Central Upper —a +a

A: pH of sample 2.0 3.75 55  1.13 6.37
B: Sample volume (mL) 25.0 37.5 50.0 18.8 56.2
C: Nanosorbent amount (mg) 25.0  37.5 50.0 18.8  56.2
D: Adsorption time (min) 75 11.25 15.0 5.6 16.8
E: Eluent volume (uL) 100 150 200 75 225

3.2.3. Design of experiments (DOE). Herein, the effect of
various parameters such as the pH of the sample, sorption time,
eluent volume, and nanoadsorbent dose on the extraction effi-
ciency was established using a central composite design (CCD)
approach. For this purpose, Design-Expert 7.0.0 as a suitable
software was employed. In this regard, 30 assays were designed
by selecting six replicates in the center point and considering
four parameters. The number of the trials is based on the N = 2/
+ 2f + Cy equation (N is the experiments number; f represents
the parameters number; and C, is the center points
number).>*** Table 1 illustrates the studied parameters and
their levels. Accordingly, the geometric mean was used as
a suitable response to establish the effect of each parameter and
the interactions.

Based on the analysis of variance (ANOVA) results, the
experimental data are in good accordance with the quadratic
polynomial model (Table S1, ESIf). Moreover, the ANOVA
illustrated that the pH of the sample affects the extraction
performance more than other parameters. The sample volume
and adsorption time exhibit the second and third significant
effects, and nanoadsorbent dose has the least impact on the
extraction of target furfurals. The model's p-value was <0.0001
(F-value, 70.23) affirming that the suggested model is signifi-
cant and implying that there is only a 0.01% chance that it could
occur due to noise. Besides, a lack of fit the p-value of 0.7821
(0.05<) implies the absence of pure error.*

Finally, the highest extraction performance (desirability
value of 1.00) was achieved by employing a pH value of 5.3,
a nanoadsorbent dose of 42 mg, an adsorption time of
15 min, and an eluent volume of 130 pL (Fig. 5). The pH of the
sample solution affects the predominant species of the ana-
lyte as well as the surface charge of the adsorbent. At pH less
than 5.3, a repulsive force can occur between the protonated
analytes and the positive sites of MPC@PPy-PANI, which
reduces the extraction efficiency. Beyond pH 5.3, competition
between the analytes species and coexisting ions can decrease
the extraction efficiency.** The MPC@PPy-PANI has a high
surface area and short analyte diffusion route due to its
nanostructure nature. Hence, the high extraction perfor-
mance and fast extraction kinetic are expectable compared to
the micro-sized adsorbents. Moreover, MeOH volume
exhibited a positive effect on the extractability of furfurals up
to 130 pL and then a decrease was observed due to the dilu-
tion effect.>®
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Fig. 5 3D response surface plots of the DOE.

3.3. Selectivity assay

Owing to the presence of aromatic rings and NH moieties, the
prepared sorbent can be used for extraction of various types of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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compounds. For example the wide 7 structure of the polymer
can interact with most of organic compounds containing an
aromatic structure (benzene rings, heterocyclic aromatic rings
and etc.) such as furfurals, PAHs, phthalate esters, organo-
phosphorus, etc. In this regards, the nanosorbent has good
tendency toward the furfurals as the model compounds. Under
the optimized condition, the fabricated nanosorbent was tested
for the extraction of some aromatic compounds such as phenols
and aromatic amines but it doesn't show any significant
responses.

3.4. Analytical performance

The validation of the new method was performed according to
ICH and FDA guidelines. The analytical features of the new
method, such as LOD (S/N = 3), LOQ (S/N = 10), enrichment
factor (EF), linearity, and repeatability, were established under
the optimum conditions (Table 2). The calibration curves were
established in a dry milk sample with no contamination as
a representative matrix. As it is clear the dry milk sample's
matrix is complex so the matrix effect is inevitable, therefore the
calibration curve was prepared in the real matrix and the
standard solutions for construction of calibration plots were not
employed. The results exhibited no matrix effect when the real
matrix was utilized. Accordingly, the calibration plots were
evaluated in the range of 0.5-600 ug kg™ * (0.5, 1.0, 2.5, 5.0, 10,
25, 50, 100, 200, 300, 400, 500, 600) for furfural, and 1.0-750 pg
kg~ (1.0, 2.5, 5.0, 10, 25, 50, 100, 200, 300, 400, 500, 600, 700)
for HMF. Three replicates were performed for each level and all
injections were repeated twice. To determine the LODs, the
sample was spiked with the concentration levels lower than 1.0
ng Kg ' for each analyte and then the extraction process was
performed. The LODs, LOQs, and linear dynamic ranges (LDRs)
were in the range of 0.3-0.7 ug kg ', 1.0-2.5 ug kg™, and 1.0-
600 ng kg ', respectively. Repeatability of the method was
studied as an RSD parameter, is located in the range of 5.5-
6.8% (within-day, n = 5) and 8.2-9.4% (between-day, n = 3
days). The extraction recovery (ER%) and EF were obtained
using the following equations:*®

Slope,
F =
Slope,
ER% = S Vo 100 = EF x 72 % 100

G x W Vi

Table 2 Analytical characteristics of the proposed method
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where EF is the enrichment factor and V, and V; are the eluent
and sample volume, respectively. EF is computed based on the
slope of the calibration plot after extraction (Slope,) to this
value before performing the extraction process (Slope,).

To explore the applicability of the proposed method, several
baby food and dry milk samples were analyzed. The analytes
concentration was computed using the calibration plots
utilizing the add-found method. The relative recovery (RR%),
and repeatability were located in the range of 86-111% and 3.3-
10.1%, respectively, showing the good accuracy and precision of
the method (Table 3). The obtained values reveal that the
proposed method is compatible and applicable in the case of
complex-matrix samples.

3.5. Stability and reusability study

The stability of the new nano-material in water and methanol was
tested. It was found that the new nanoadsorbent is stable after
48 h remaining in this solvent. The reusability of the MPC@PPy-

Table 3 The result of real samples analysis®

Sample Analyte Realvalue Added Found 4+ SD’ RR® (%)
Dry milk 1 F 8.5 10.0 18.2 £ 1.0 97
HMF 35.4 35.0 69.1 + 4.2 96
Drymilk2 F ND? 10.0 9.5 4+ 0.7 95
HMF ND 10.0 10.1 £+ 0.6 101
Dry milk 3 F 11.5 10.0 20.1 £ 2.0 86
HMF 178 200 363 + 28 92
Dry milk 4 F ND 10.0 8.9 £ 0.4 89
HMF 18.9 20.0 36.1 + 2.8 86
Baby food 1 F 0.21 0.20 0.42 £0.02 105
HMF 1.51 1.00 2.42 + 0.08 91
Baby food 2 F 1.92 1.00 2.80 £ 0.19 88
HMF 1.24 1.00 2.19 £ 0.10 95
Baby food 3 F 0.44 0.40 0.79 £ 0.04 87
HMF 1.18 1.00 2.20 + 0.15 102
Baby food 4 F 0.59 0.50 1.09 + 0.08 100
HMF 7.81 1.00 8.92 £ 0.64 111
Baby food 5 F 1.03 1.00 1.90 + 0.10 87
HMF 2.56 2.50 5.03 £+ 0.44 99
Baby food 6 F 5.96 5.00 11.24 +0.9 106
HMF 0.82 1.00 1.75 £ 0.09 93
Baby food 7 F 23.61 25.00 47.32 £ 3.20 95
HMF 2.44 2.50 5.06 £+ 0.51 105
Baby food 8 F 1.35 1.50 2.68 £ 0.15 89
HMF 3.23 3.00 6.15 + 0.45 97

@ All concentrations are based on pg kg~'. ?Standard deviation.
¢ Relative recovery.

RSD (%)° (within day) RSD‘ (%) (between day)

Analyte LOD LOQ Linear range R? EF¢ ER? (%) 1.0 40 400 1.0 40 400
F 0.3 1.0 1.0-500 0.9982 193 52.8 9.5 6.8 4.0 11.2 9.4 5.9
HMF 0.7 2.5 2.5-600 0.9964 165 45.1 8.3 5.5 4.4 11.5 8.2 6.4

¢ Enhancement factor. ? Extraction recovery. ° Relative standard deviations (n = 5 samples for within day and n = 3 days for between day). All

concentrations are based on pg kg™ .

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of the proposed method with the former studies

Analyte Method DLR? R? LOD* LOQ" RSD (%) Ref.

F DLLME®-HPLC-UV 1.0-200 <0.99 0.7 2.4 3.9 1

HMF 1.8 5.9 4.9

F DLLME-HPLC-UV 0.2-200 0.9902 1.3 4.4 4.7 3

HMF 0.9915 2.1 6.7 5.1

HMF SPE-LC-MS°¢ 50-2000 <0.99 5.0 — =5.1 11

HMF HPLC-UV 10-200000 — 30.0 — <2.7 36

F HPLC-UV 140-3000 0.9999 3.5 11.6 — 37

HMF 80-10000 8.0 27.0

F MSPE-HPLC-UV 3.0-400 0.9971 1.0 3.0 5.2 This study
HMF 7.0-500 0.9945 3.0 7.0 6.4

“ All concentrations are based on pg kg ™. ? Dispersive liquid-liquid microextraction. ¢ Mass spectrometry.

PANI was explored by conducting repeating the extraction
process on 42 mg of this nano-material and measuring the
extraction efficiencies of the target furfurals. To activate and
prevent the possible carryover, the MPC@PPy-PANI was washed
with 4 x 1 mL methanol and then DI water. The results exhibited
that the MPC@PPy-PANI can be reused up to 6 cycles without
losing the significance extraction performance (90%<).

3.6. Comparison

The analytical features of the proposed method compared to
some reported methods are summarized in Table 4. As illustrated
in Table 4, the new MSPE-HPLC method exhibits wide LDRs, low
LOD and LOQ values, good repeatability, and high EFs compared
to the former works. Moreover, our proposed method is easy,
quick and consumes a very low organic solvent volume (130 pL).

4. Concluding remarks

Herein, a novel PPy-PANI functionalized MPC material was
fabricated and utilized for the separation/extraction of furfurals
from baby food and dry milk samples. In this way, magnet-
ite@silica NPs were synthesized firstly, and then a magnetic
metal-organic framework (MMIL-101(Fe)) was prepared. After
that, the MMIL-101(Fe) was pyrolyzed in a neutral atmosphere to
obtain MPC. Ultimately, the MPC was functionalized with a co-
polymer of aniline-pyrrole via the oxidation polymerization. This
is the first report on the fabrication and utilization of MPC@PPy-
PANI for furfural extraction/determination in baby food and dry
milk samples. The target analytes are high polar compounds (F,
log P = 0.41; HMF, log P = —0.39), and so functionalization of
MPC with PPy-PANI can enhance their extraction efficiency via -
7 stacking, m-cation interaction, and H-bonding formation.
Besides, the superparamagnetic properties of the MPC@PPy-PANI
lead to a simple and quick method (extraction time <17 min). The
relative recovery (RR%), and repeatability for the real samples
analysis were located in the range of 86-111% and 3.3-10.1%,
respectively showing the good accuracy and precision of the
method. The proposed method can potentially be used in the
analysis of the real samples with complex a matrix and pre-
concentration of other food contaminants such as heavy metals.
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Abbreviations

ANOVA analysis of variance

CCD central composite design

DMF N,N-dimethylformamide

EF enrichment factor

F furfural

HMF hydroxymethyl furfural

HPLC- high-performance liquid chromatography-ultraviolet
uv detection

LOD limit of detection

LOQ limit of quantification

LDR linear dynamic range

MPC magnetic porous carbon

MSPE  magnetic solid phase extraction;
MNPs  magnetite nanoparticles

MOF metal-organic framework

PPy- polypyrrole-polyaniline

PANI

RR relative recovery

RSD relative standard deviation

SEM scanning electron microscopy
TEM transmission electron microscopy
VSM vibrating sample magnetometry
XRD X-ray diffraction
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