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a b s t r a c t
In this study, a hydrophilic adsorbent based on cyanopropyl-functionalized silica nanoparticles 
(CNPr@SiO2 NPs) was successfully synthesized via a sol–gel method. The nanoparticles were 
characterized using Fourier transform infrared spectroscopy, field emission scanning electron 
microscopy, Brunauer–Emmett–Teller analysis, and thermogravimetric analysis. The synthe-
sized CNPr@SiO2 NPs were then used as an adsorbent in dispersive micro-solid phase extraction 
(D-µ-SPE) of some polar and nonpolar organophosphorus pesticides from water samples prior to 
high-performance liquid chromatography-ultraviolet detection. Under the optimized parameters, 
the proposed method based on CNPr@SiO2 NPs showed low limits of detection in the range of 
0.047–0.059 µg L–1, satisfactory recoveries (101.21%–109.12%), and good RSDs (0.20%–6.70%) for the 
extraction of OPPs from the various water samples. In addition, the developed D-µ-SPE method 
based on CNPr@SiO2 NPs showed a superior extraction capability toward the OPPs in comparison 
to commercial cyanopropyl-bonded silica solid-phase extraction cartridge.

Keywords: �Silica nanoparticles; Cyano-functionalized nanosilica; Dispersive micro-solid phase 
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1. Introduction

Pesticides are a large group of hazardous organic 
compounds that are utilized on farms as herbicides, fungi-
cides, and insecticides [1–4]. Organophosphorus pesticides 
(OPPs) are extensively applied in agriculture to protect 
crops from insects damage and improve their quantity and 
quality [5,6]. However, their residues are a major source of 

environmental contamination, as they can be migrated from 
soil and air into the water resources during their usage. The 
United States Environmental Protection Agency (US-EPA) 
has classified most of OPPs as highly or moderately toxic 
substances [7,8]. According to the established regulation 
by the European Union (EU Directive 98/83/EC), the maxi-
mum acceptable level for individual and total pesticides in 
drinking water is 0.10 and 0.50 μg L–1, respectively [9]. Due 
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to toxicity and biomagnification of OPPs residue, devel-
opment of accurate, and sensitive methods for monitoring 
and detecting the trace amount of OPPs in water sources 
are essential. Various sample preparation techniques such 
as dispersive liquid–liquid microextraction (DLLME) 
[10,11], solid phase extraction (SPE) [12–14], solid phase 
microextraction (SPME) [15,16], stir bar sorptive extraction 
(SBSE) [17], and magnetic solid phase extraction (MSPE) 
[6,18] have been developed for extracting of OPPs.

None of the above-mentioned techniques has revealed 
to be superior to the other and some of them suffer from 
various drawbacks such as tedious and time-consuming 
sample preparation steps, and failure to extract polar com-
pounds from water, etc. However, among the mentioned 
techniques, SPE is currently well-established as a sim-
ple and powerful sample pre-concentration and clean-up 
method, due to its many advantages such as simplicity, 
good efficiency, high sensitivity, easy automation, low 
consumption of reagents and solvents, reusability of the 
adsorbent, and flexible to combine with other instrumen-
tal techniques in an online or off-line mode [19]. But, this 
technique is time-consuming because of its limited mass 
transfer rate and there is also probability of the cartridge 
blockage [20]. To overcome the traditional SPE limitations, 
many new methodologies have been designed. Recently, a 
new mode of SPE with potential benefits called dispersive 
micro-solid phase extraction (D-µ-SPE) has been devel-
oped [21–23]. This technique compared to common SPE 
is simpler and faster and requires a limited amount of the 
adsorbent. In this technique, unlike the conventional SPE, 
the adsorbent is not packed into the cartridge and directly 
added to the sample solution containing target analytes.

In the D-µ-SPE technique, the type of the adsorbent is a 
critical parameter as it determines the adsorption capacity, 
selectivity, and sensitivity toward the analytes. In the past 
decade, nanoscale solid materials have gained increasing 
attention because of their unique properties including high 
activity and high surface area [24]. The potential ability of 
NPs as adsorbent materials in separation science has been 
extensively studied for several years [25,26]. Compared 
with micro-sized particles used for SPE based methods, 
nano-sized materials not only have a significantly higher 
specific surface area that provides much higher extraction 
capacity and efficiency but also can be easily modified with 
various functionalities which improve their selectivity. Silica 
nanoparticles are one of the most frequently used because 
of their low cost, accessibility, good mechanical and thermal 
stability, and flexibility in further surface functionalization 
[27]. Modified silica nanoparticles have been used as an 
effective adsorbent for sample preparation of various pollut-
ants such as pesticides [28], polycyclic aromatic hydrocar-
bons [29], bisphenol A [30], and heavy metals [31,32], and 
satisfactory results have been achieved. Among different 
established methods for preparation of silica nanoparticles, 
the sol–gel technique has attracted great interest due to its 
simplicity, the capability to control the particle size, purity 
of the products, and the mild synthesis conditions [33,34].

This study focused on the functionalization of silica 
nanoparticles with polar cyanopropyl moieties (CNPr@SiO2 
NPs) that was tailored for use as a D-µ-SPE adsorbent. The 
synthesized nanosorbent was then successfully applied to 

the extraction and preconcentration of three selected polar 
and nonpolar OPPs from aqueous media. Moreover, the 
laboratory synthesized nanomaterial revealed superior ana-
lytical performance toward the target OPPs compared to 
commercial cyano-bonded silica SPE cartridge.

2. Experimental

2.1. Reagents and materials

Methanol (high-performance liquid chromatography 
(HPLC) grade), ethanol, toluene, and n-hexane were purchased 
from Merck (Darmstadt, Germany). Hydrochloric acid (HCl, 
37.5%) and dichloromethane (DCM) were purchased from 
Fluka (Buchs, Switzerland). Cyanopropyltriethoxysilane 
(CNPrTEOS), tetraethoxysilane (TEOS), and ammonium 
hydroxide (NH4OH, 25%), and analytical grade standard of 
OPPs (dicrotophos, chlorpyrifos, and diazinon) were sup-
plied by Sigma-Aldrich (St. Louis, MO, USA). Purified water 
was produced by a Simplicity 185 UV system (Millipore, MA, 
USA). Pesticide stock solutions (1,000  ppm) were prepared 
by dissolving an appropriate amount of each compound in 
HPLC grade methanol and stored at –20°C in the refrigera-
tor until to use. The working solutions were prepared freshly 
by diluting the stock solution with ultrapure water before 
the experiments. The commercial cyano 100  mg/1  mL SPE 
cartridge was purchased from Supelco (Bellefonte, PA, USA).

2.2. Instrumentation

2.2.1. Liquid chromatography

HPLC analysis of the OPPs was carried out using an 
Agilent 1100 series HPLC (Agilent Technologies, USA) con-
sisting of a vacuum solvent degasser, a manual injector with 
a 10 µL Rheodyne loop (Rheodyne, Cotati, CA, USA) and an 
ultraviolet detector. The OPPs separation was achieved on 
an Eclipse XDB-C18 column (150 mm × 4.6 mm I.D., 5 µm 
particle size, Agilent Technologies, Santa Clara, CA, USA) at 
40°C. The mobile phase consisted of a mixture of methanol 
and water (70:30, v/v) eluted at a flow rate of 1.0 mL min–1 
with UV detection at 270 nm. The mobile phase was filtered 
through a Millipore 0.22 µm membrane filter and degassed 
prior to use.

2.2.2. Characterization

The infrared spectra were recorded using the KBr pel-
lets on a Perkin Elmer 1600 series Fourier transform infra-
red (FTIR) spectrophotometer (MA, USA) in the range of 
400–4,000  cm–1. The surface morphology of the adsorbent 
was investigated using a field emission JSM-6710F scan-
ning electron microscopy (SEM; JEOL, Tokyo, Japan). 
The Brunauer–Emmett–Teller (BET) surface area and pore 
size of the synthesized material were determined by using 
nitrogen adsorption–desorption analysis with an ASAP 
2010 Micromeritics instrument (Delta Analytical Instrument 
Inc., Bellefonte, PA, USA) at 77 K and by the BET method. 
Thermal stability studies were performed with a Perkin-
Elmer model TGA 7 thermogravimetric analyzer (Perkin-
Elmer Corporation, USA) at a heating rate of 10°C min–1 
under a nitrogen atmosphere.
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2.3. Preparation of cyanopropyl functionalized silica nanoparticles

2.3.1. Synthesis of silica nanoparticles

The silica nanoparticles (SiO2 NPs) were obtained using 
the sol–gel method. Firstly, 8 mL of TEOS was added to a 
mixture of water (25 mL) and ethanol (15 mL) in a 250 mL 
beaker and stirred for 5  min. Then, 1  mL of NH4OH (pH 
12) was added dropwise into the mixture and magnetically 
stirred for 1 h at room temperature to form a white trans-
parent homogeneous solution. The prepared solution was 
kept for 4  h until the gel was formed. The particles were 
separated by filtration, washed with 40  mL of deionized 
water and dried at 80°C for 1 d.

2.3.2. Synthesis of CNPr@SiO2 NPs

The SiO2 NPs were firstly activated through refluxing 
the particles in concentrated HCl (6 M) for 6 h. Then SiO2 
NPs were filtered and washed with excess distilled water 
and oven-dried at 90°C for 24  h. Next, 1.0  g of dried acti-
vated SiO2 NPs and 2.5 mL of 3-cyanopropyltriethoxysilane 
were dissolved in 30 mL of anhydrous toluene. The solution 
was again refluxed at 100°C for 24 h under nitrogen gas, fil-
tered and subsequently washed with toluene, dichlorometh-
ane, and methanol. Finally, the obtained material was dried 
under vacuum at 80°C for 8 h. Finally, cyanopropyl function-
alized silica nanoparticles (CNPr@SiO2 NPs) were obtained.

2.4. Dispersive micro-solid phase extraction procedure

In this procedure, 50  mg of the CNPr@SiO2 NPs were 
added into a beaker containing 150  mL of OPPs aqueous 
solution (50 μg L–1). The sample was shaken by an orbital 
shaker at 250  rpm for 10  min. The solution was then 
centrifuged for 3  min at 5,000  rpm and the supernatant 
was discarded. The adsorbent was transferred into a 2 mL 
safe lock tube and the target analytes were desorbed by 
ultrasonication for 3 min using 150 μL of dichloromethane. 
The dichloromethane was filtered and dried under a gen-
tle stream of nitrogen gas. Finally, the residue was recon-
stituted in 60 μL of methanol, and 10 μL of it was injected 
into the HPLC-UV for analysis.

2.5. Column SPE procedure

The commercial Cyano-SPE cartridge was connected 
to a 12-port Visiprep SPE vacuum manifold (Supelco, 
Bellefonte, PA, USA) and conditioned sequentially with 
5 mL methanol, and 10 mL deionized water. The 5 mL sam-
ple solution (containing 50 µg L–1 of each OPPs) was passed 
through the cyano-cartridge at a flow rate of 0.5 mL min–1. 
After drying the cartridge, the pesticides were eluted from 
the adsorbent with 4 mL dichloromethane. The extract was 
then evaporated to dryness under a gentle stream of nitro-
gen gas, redissolved in 60 µL methanol, and filtered through 
a syringe filter PTFE of 0.45 μm prior to HPLC-UV analy-
sis. Finally, 10 µL of the filtrate was injected into the HPLC 
system. In order to achieve the best extraction conditions, 
three main parameters affecting extraction including the 
solvent type, the volume of desorption solvent, and the sam-
ple volume were studied. The optimum SPE conditions for 

commercial Cyano-SPE adsorbent were 5 mL sample load-
ing and 4 mL dichloromethane as the eluting solvent.

2.6. Real samples preparation

Bottled mineral water and bottled drinking water were 
purchased from a local market. Tap water was obtained 
from our laboratory, and river water samples were taken 
from the university lake (UTM). The water samples were 
filtered using a 0.2  µm pore size nylon membrane before 
analysis. For recovery analysis, the water samples were 
spiked with a mixture of OPPs standard at 0.2 μg L–1 for pre-
pared CNPr@SiO2 NPs and at 5 µg L–1 for the commercial 
cyano-bonded silica particles.

3. Results and discussion

3.1. Characterization of the CNPr@SiO2 NPs

Surface functional groups of the pristine TEOS, as 
prepared SiO2 NPs, pristine CNPrTEOS and CNPr@SiO2 
NPs nanocomposite were studied with FTIR as shown 
in Figs. 1A–D. The FTIR spectra of TEOS (Fig. 1A) show 
two main peaks for methyl bond (C–H) at 2,930  cm–1 and 
Si–O stretching at 1,100  cm–1. Fig. 1B is for SiO2 NPs with 
Si–O (1,100  cm–1) and O–H (3,390 and 1,634  cm–1) groups, 
which correspond to O–H bond stretching vibration of 
the absorbed water and the O–H of the Si–O–H groups. 
Fig. 1C is confirms C≡N stretching bond at 2,246  cm–1 for 
CNPrTEOS. The FTIR spectrum of CNPr@SiO2 NPs (Fig. 1D) 
shows peaks at 3,390 and 1,634 cm–1 for O–H stretching, Si–O 
stretching band appears at approximately 1,100 cm–1 and the 
C≡N stretching at 2,246  cm–1. This indicates the successful 
functionalization of SiO2-NPs with cyano groups (C≡N) 
using the CNPrTEOS precursor.

The surface morphology of the CNPr@SiO2 NPs was 
investigated using FESEM (Fig. 2). The FESEM image exhib-
ited the well-distributed spherical particles with the aver-
age particle size of approximately 30  nm. The elemental 
composition of the CNPr@SiO2 NPs was also evaluated by 
field emission scanning electron microscopy with energy 
dispersive X-ray spectroscopy (FESEM-EDX). According to 
the FESEM-EDX analysis of the CNPr@SiO2 NPs as shown 
in Fig. 2, four elements including carbon (43.2%), nitrogen 
(16.3%), oxygen (27.7%), and silicon (12.6%) were present in 
the prepared CNPr@SiO2 NPs.

The physical structure of the CNPr@SiO2 NPs was ana-
lyzed using nitrogen adsorption–desorption isotherm with 
BET method and the corresponding Barrett–Joyner–Halenda 
(BJH) pore size distribution. The isotherm of CNPr@SiO2 NPs 
was placed in the type IV isotherm class with a distinct hys-
teresis loop. This type of N2 adsorption–desorption isotherm 
is normally acquired from mesoporous materials based on 
the International Union of Pure and Applied Chemistry 
classifications [35,36]. The surface area of the synthesized 
CNPr@SiO2 was measured as 570  m2  g–1 and the average 
pore diameter was found to be 3.56 nm (by the BJH method) 
confirming the mesoporous structure of the adsorbent. 

Fig. 3 depicts the TGA curves of the CNPr@SiO2 sorbent 
and SiO2 NPs over the temperature range of 50°C–800°C. 
The SiO2 NPs and CNPr@SiO2 exhibited high thermal 
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stabilities from 100°C to 800°C and 100°C to 400°C, respec-
tively. According to the thermal degradation of the SiO2-NPs 
(Fig. 3A), single weight loss stage is detected below 100°C. 
The thermal degradation of the CNPr@SiO2 (Fig. 3B) showed 
two weight loss stages one below 100°C and one between 
400°C and 600°C. The CNPr@SiO2 was stable after 600°C. The 
weight loss below 100°C could be due to the evaporation of a 
small amount of surface adsorbed water molecules and ther-
mal decomposition of any organic solvent remnants. Between 
400°C and 600°C, the weight loss could be attributed to the 
decomposition and destruction of the organic compounds 
(carbon, hydrogen, and oxygen) bound onto silica NPs.

3.2. Mechanism of the synthesis process

Preparation of CNPr@SiO2 NPs consisted of two syn-
thesis process: first is the synthesis of silica nanoparticles, 
and the second includes the functionalization of silica NPs 
with CNPrTEOS. The synthesis of the SiO2-NPs was based 
on the two steps: hydrolysis and condensation of silicon 
alkoxides [37,38]. During the first step, the hydrolysis of 
the precursor TEOS by water and NH4OH as a catalyst 
formed reactive silanol groups and ethanol. In the next 

Fig. 1. FTIR spectra of (A) TEOS, (B) synthesized SiO2 NPs, (C) 
CNPrTEOS, and (D) synthesized CNPr@SiO2 NPs.

Fig. 2. FESEM micrograph of the CNPr@SiO2 NP sorbent at ×50 K magnification and EDX spectra.
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step, condensation/polycondensation process between 
the silanol groups or between silanol groups and ethoxy 
groups produced siloxane bridges (Si–O–Si) with the elim-
ination of water and ethanol, respectively, which created 
silica nanoparticles. Finally, the prepared SiO2 NPs were 
functionalized using CNPrTEOS by refluxing in toluene 
under nitrogen gas at 100°C for 24 h.

3.3. Adsorption mechanism of OPPs by CNPr@SiO2 NPs

The experiment was conducted at pH 5.5 and based on 
pKa values the OPPs are stable at pH 5–7 for 24–15 d [39,40]. 
At acidic pH, OPPs undergo de-esterification and dese-
tyl-OPPs/alcohol are the secondary products [41]. At alka-
line pH, the OPPs are hydrolyzed to a secondary product 
of trichloro-2-pyridino (TCP) and diethylthiophosphoric 
acid (DETP) [41]. Fig. 4 shows that the CNPr@SiO2 NP was 
able to extract polar dicrotophos better than the mid-polar 
diazinon and non-polar chlorpyrifos. This sorbent has a 
very high selectivity for the polar dicrotophos, which was 
mainly due to the special interactions between the ana-
lytes and the adsorbent as well as the high surface area and 
porous nature of the nanoparticles. The polar dicrotophos 
can be adsorbed by the CNPr@SiO2 NPs through the hydro-
gen bonding formed between the OH groups present in 
the CNPr@SiO2 NPs and the lone pair of electrons on the N 
atom, and the π–π interaction between the C≡N moiety and 
alkene double bond in dicrotophos. The nanosorbent was 
also able to extract the mid-polar diazinon and non-polar 
chlorpyrifos via the interaction with the propyl moiety with 
a higher response than the commercial CN SPE [42–44].

 3.4. Optimization of the D-μ-SPE procedure

The extraction recovery in D-μ-SPE was dependent on 
the partitioning of analyte between the aqueous phase and 
the solid adsorbent. Therefore, six extraction parameters 
including mass of CNPr@SiO2, desorption solvent type, 

desorption solvent volume, sample volumes, desorption 
time, and extraction time were investigated in order to 
optimize the OPPs extraction efficiencies. The experiments 
were carried out using a spiked water sample with OPPs 
at a concentration of 50 μg L–1 and in triplicates (the mean 
values were applied for data analysis).

3.4.1. Mass of the adsorbent

To investigate the effect of the amount of adsorbent on 
the extraction efficiency, the amount of CNPr@SiO2 was var-
ied from 25 to 125  mg. According to the results, the peak 
areas were increased when the amount of CNPr@SiO2 was 
increased from 25 to 50 mg which can be due to the upsurge 
in active sites for adsorption (Fig. 5A) [45]. However, when 
75 mg or higher amounts of the adsorbent was used, no further 
enhancement of the peak areas was observed. Thus, 50 mg 
of CNPr@SiO2 was adopted for subsequent experiments.

3.4.2. Extraction time

Because the mass transfer is a time-dependent process, 
it is important to find the time needed for complete adsorp-
tion of the target analytes by the CNPr@SiO2. The effect of the 
extraction time on the extraction efficiency was investigated 
by using various shaking times of 5, 10, 15, and 20  min. It 
was found that with increasing the extraction time to 10 min, 
the extraction efficiency reached a maximum and after that, 
the OPPs peak areas slightly decreased when the extraction 
time was prolonged to 20  min (Fig. 5B). This occurrence 
might be due to the back extraction of analytes from the 
adsorbent into the sample solution. Hence, an extraction 
time of 10 min was selected for the next experiments.

3.4.3. Desorption solvent type

In order to select an appropriate solvent for effective 
desorption of OPPs from the CNPr@SiO2, some organic 

Fig. 3. TGA profiles of (A) SiO2-NPs and (B) CNPr@SiO2 NPs.
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solvents including methanol, ethanol, dichloromethane, 
and n-hexane were used. The solvents have different polari-
ties, with methanol being the most polar solvent and n-hex-
ane being the most non-polar solvent. It was evident that 
dichloromethane provided the best extraction efficiency 
with the highest peak areas for the target OPPs (Fig. 5C). 
The other solvents were less effective for the desorption of 
the three selected OPPs. Thus, dichloromethane was used 
as the desorption solvent in subsequent experiments.

3.4.4. Volume of desorption solvent

Desorption solvent volume is an important extraction 
parameter as it should be enough to desorb effectively all 
OPPs from the D-μ-SPE sorbent. In this study, different 
volumes of the desorption solvent (DCM) were investigated 
from 100 to 300 μ L to obtain the highest sensitivity with a 
minimum but sufficient eluent volume. Fig. 5D shows the 
optimization profile of desorption solvent volume. For the 

Fig. 4. Schematic of possible interactions of OPPs with CNPr@SiO2 NPs adsorbent.
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proposed CNPr@SiO2 NPs based D-μ-SPE method, 150 μL of 
dichloromethane was adequate for the satisfactory desorp-
tion of the trapped OPPs, as it gives the highest peak areas 
for all of the analytes, which means that the volume is 
sufficient to recover all of the OPPs studied.

3.4.5. Desorption time

The effect of desorption time was investigated by the 
ultrasonication of CNPr@SiO2 NPs in dichloromethane for 
1–10 min. It was observed that the maximum OPPs recover-
ies could be achieved in 3 min and no significant increase was 
observed after 3 min of ultrasonication (Fig. 5E). Therefore, 
a desorption time of 3 min was used in further experiments.

3.4.6. Sample volumes

The sample loading volume is the maximum volume of 
sample that can be loaded in a D-μ-SPE system and should 
be as large as possible to achieve the maximum sensitivity 
and enrichment of analytes. The sample volume was var-
ied between 10 and 200 mL for the D-μ-SPE sorbent. Fig. 5F 
shows that the OPPs recoveries increased with increasing 
the sample from 10 to 150  mL. However, the peak areas 
of the OPPs were decreased when the sample volume 
was greater than 150 mL, probably due to the fact that the 
active sites in the CNPr@SiO2 NPs were occupied by OPPs 
which decreased the adsorption of OPPs onto the surface of 
the adsorbent. Thus, the sample volume was set at 150 mL 
because it gave the highest peak areas for the target OPPs.

3.5. Reusability of the CNPr@SiO2 NPs

The regeneration of the prepared CNPr@SiO2 NPs was 
studied by performing repeated extraction runs until a 
significant decrease was observed in the analytes peak areas. 
After each run, the CNPr@SiO2 NPs was washed consecu-
tively with 5 mL of deionized water and 10 mL of methanol 
and reused for the next extraction. The experimental results 

indicated that the peak areas of CNPr@SiO2 NPs were stable 
for up to at least 36 adsorption–desorption cycles. The high 
reusability was one of the major advantages of the prepared 
CNPr@SiO2 NPs as a D-µ-SPE nano-adsorbent.

3.6. Method validation

The proposed D-μ-SPE method based on the laboratory 
made CNPr@SiO2 NPs and the SPE technique by the com-
mercial cyano-silica cartridge was evaluated by the linearity, 
limit of detection (LODs) (3 × SD/m) and limit of quantifica-
tion (LOQs, 10 × SD/m). For this purpose, the spiking water 
samples at five different concentration levels of OPPs were 
prepared and analyzed according to the described proce-
dure under the optimal experimental conditions. The cal-
ibration curves were constructed by plotting OPPs peak 
areas vs. concentrations. The results in Table 1 demonstrated 
good linearities achieved for CNPr@SiO2 NPs based D-μ-
SPE and commercial cyano-SiO2 based SPE in the range of 
0.16–100 and 5–50  µg  L–1, respectively, with coefficients of 
determination (R2) higher than 0.9920. The LODs obtained 
for the CNPr@SiO2 NPs based D-μ-SPE were 20–25 times 
lower than the LODs for CN-SPE which was probably due 
to the higher surface area and porous nature of the CNPr@
SiO2 nanoparticles compared to micro-sized CNPr-silica. 
The LODs values were found to be down to the ultra-trace 
level compared to the maximum residue limits (MRLs) set 
by the EU for OPPs in water samples. This proved that the 
developed D-μ-SPE SiO2-NPs-CNPrTEOS method showed 
high sensitivity toward the selected OPPs. The method 
precision (RSDs %) was studied based on its repeatability 
(intra-batch) and reproducibility (inter-batch), which were 
in the ranges of 2.0%–3.1% and 1.5%–3.4%, respectively.

3.7. Determination of OPPs in water samples

The applicability of the developed D-μ-SPE method 
based on the CNPr@SiO2 NPs was assessed by the analysis 

Fig. 5. Effect of (A) mass of adsorbent, (B) extraction time, (C) desorption solvent, (D) desorption solvent volume, (E) desorption time, 
and (F) different sample volumes on the CNPr@SiO2 NPs-D-μ-SPE of OPPs from water samples.
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of various water samples. No residue of the OPPs was detected 
in all water samples analyzed. To test the accuracy, all water 
samples were spiked at 0.2 μg L–1 of OPPs, and recoveries 
were calculated. Table 2 shows the percentage recoveries 
(with corresponding RSDs) obtained by two methods for 
water samples. The CNPr@SiO2 NPs based D-μ-SPE showed 
good recoveries between 101.21% and 109.12% with RSDs 
ranged from 0.20% to 6.70%. The results indicated that the 
developed D-μ-SPE using the CNPr@SiO2 NPs is accurate 
enough for the extraction of the three selected OPPs in 
water samples. Figs. 6a and b present the chromatograms 
of the analyzed blank and spiked tap water, respectively.

3.8. Comparison of D-µ-SPE with other methods

The analytical performances of the CNPr@SiO2 NPs 
based D-μ-SPE were compared with some previously 
reported sample preparation methods for the extraction 
of OPPs [46,47]. The results were summarized in Table 3. 
The developed D-µ-SPE exhibited low LODs and good 
recoveries for the separation of OPPs from aqueous media. 
Although DSPE based on MWCNTs showed lower LODs for 
OPPs, this result is possibly related to the strong π–π inter-
actions between the benzene rings of OPPs (i.e., chlorpyr-
ifos) and the π–π system of MWCNTs and use of a highly 
sensitive and selective detector (MS/MS) [42]. Other methods 
also showed good recoveries and satisfactory LODs for the 
extraction of OPPs from complex matrices, but some of these 
methods are tedious and consume large volumes of organic 

solvents. The proposed D-µ-SPE method showed high recov-
eries, consumed less solvent, had a high enrichment factor 
(2,500×), and lower LODs in comparison to MRLs set by the 
EU. The method utilized a minimum amount of mesoporous 
silica compared to other SPE methods. In addition, the high 
surface area of the CNPr@SiO2 nanoparticles (570  m2  g–1) 
provided enormous active sites available for the adsorption 
of OPPs, leading to the high recoveries which were com-
parable to those for a commercially available SPE sorbent. 
Furthermore, a low amount of organic solvent (150 μ L) 
required in the developed D-μ-SPE makes it superior to SPE. 

Table 1
Qualitative data of the CNPr@SiO2-NPs D-μ-SPE and CN-SPE analytical characteristics

OPPs
CNPr@SiO2-NPs D-μ-SPE CN-SPE

R2 LOD (µg L–1) LOQ (µg L–1) LDR (µg L–1) R2 LOD (µg L–1) LOQ (µg L–1) LDR (µg L–1)
Dicrotophos 0.9925 0.047 0.158 0.16–100 0.9965 0.99 3.31 5–50
Diazinon 0.9935 0.059 0.199 0.20–100 0.9944 1.52 5.06 5–50
Chlorpyrifos 0.9982 0.056 0.187 0.20–100 0.9920 1.26 4.20 5–50

Table 2
Analysis of water samples using the developed CNPr@SiO2-NPs D-μ-SPE and commercial CN-SPE methods with HPLC-UV

Sample OPP CNPr@SiO2-NPs-D-μ-SPE 
recovery% (RSD%)

CN SPE recovery% 
(RSD%)

Tap water

Dicrotophos 102.86 (5.96) 98.36 (5.50)
Diazinon 106.66 (6.33) 101.57 (5.22)
Chlorpyrifos 105.46 (5.77) 96.45 (2.99)
Dicrotophos 109.12 (4.12) 94.76 (5.47)

Drinking water
Diazinon 109.27 (6.70) 103.94 (4.38)
Chlorpyrifos 107.45 (4.31) 96.45 (4.16)

Mineral water

Dicrotophos 106.98 (0.21) 95.11 (5.33)
Diazinon 105.57 (0.22) 100.98 (2.29)
Chlorpyrifos 101.92 (0.20) 96.94 (6.70)
Dicrotophos 103.43 (3.89) 90.69 (5.98)

River water
Diazinon 101.21 (2.82) 97.42 (4.52)
Chlorpyrifos 104.00 (5.20) 89.83 (5.98)

Fig. 6. Chromatograms obtained using CNPr@SiO2 NPs based 
D-μ-SPE-HPLC-UV analysis of the OPPs in tap water samples 
(a) unspiked and (b) tap water sample spiked at 0.2 μ g  L–1. 
Peaks: (1) dicrotophos, (2) diazinon, and (3) chlorpyrifos.
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Moreover, CNPr@SiO2 NPs – D-μ-SPE has the advantage of 
a simplified analytical sample preparation process without 
using any expensive or sophisticated apparatus.

4. Conclusion

In this study, cyanopropyl functionalized nanosil-
ica (CNPr@SiO2 NPs) has been successfully prepared and 
applied as a promising adsorbent for D-μ-SPE of three 
OPPs with different polarities from water samples. Besides 
the high selectivity of the CNPr@SiO2 NPs for the polar pes-
ticide, it could also extract non-polar OPPs with satisfactory 
recoveries, which was most likely owing to the high sur-
face area and mesoporous nature of the nanoparticles. The 
D-μ-SPE method using the CNPr@SiO2 nanosorbent offers 
better analytical performances than commercial CN-SPE 
cartridge with good accuracy (recoveries: 101.21%–109.12%) 
and precision (RSD  <  7%) for the selected real water sam-
ples. The dispersed adsorbent into the aqueous solution in 
the D-μ-SPE method enables the analytes to contact easily 
with the nanosorbent particles, achieving a greater capacity 
per mass of sorbent consumed and avoiding the channeling 
or blocking of the cartridge that happens in SPE. The devel-
oped method allowed the extraction of OPPs with a low 
amount of solvent (150 µL) and mass of nanosorbent (50 mg) 
within 10  min of extraction time. Therefore, this method 
permits the monitoring of OPPs residues in water samples 
well below permissible levels set by regulations.
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