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Abstract
The existence of pesticides in water at ultra-trace levels necessitates the use of a suitable pre-concentration method for their 
detection. The objective of this study was to develop an ultra-synthetic adsorbent to extract chlorpyrifos (CPF) and imazalil 
(IMA) pesticides in water. X-ray diffraction (XRD), thermogravimetric analysis (TGA) and Fourier transform infrared (FTIR) 
spectroscopy confirm that both oxidised and isophorone diamine multiwalled carbon nanotubes (IPD-MWCNTs) were suc-
cessfully prepared with an intact structure; which was further confirmed by transmission electron microscopy (TEM) and 
energy-dispersive spectroscopy (EDS). The Brunauer–Emmet–Teller (BET) showed a high surface area of both oxidised and 
IPD-MWCNTs, which is linked to the formation of additional active sites. TGA further showed that the nanocomposites were 
highly stable within the pesticides quantification operating temperature. CPF and IMA were recovered using a low dosage of 
IPD-MWCNTs adsorbent (0.030 g) and eluted by a combined solvent (ethanol and chloroform (50:50, v/v)). The adsorbent 
was reusable over seven repeated cycles, with an acceptable percentage relative standard deviation (%RSD) ranging from 
3 to 8%. The IPD-MWCNTs adsorption sites are highly stable and cannot be easily fouled, as compared to that of oxidised 
MWCNTs. Lower limits of detection (LOD) and quantification (LOQ) for CPF (0.026 and 0.078 µg.L−1) and IMA (0.033 
and 0.100 µg.L−1) were achieved. Better recoveries for both analytes at low and high concentrations (as well as in real water 
samples) were obtained by IPD-MWCNTs whereas a conventional adsorbent (i.e. polymeric reverse phase) can only achieve 
better recoveries at high concentrations.
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Introduction

Crops protection against pests is one of the prevalent bur-
dens in the agricultural sector since insects feast on plants. 
South Africa (SA) is one of the highest importer and user 
of pesticides in Africa (Bertrand 2019). Chlorpyrifos (CPF) 

and imazalil (IMA) are amongst the most frequently used 
pesticides in citrus farming worldwide (Bertrand 2019). 
These pesticides belong to a diverse chemical class and are 
amongst the top ten pesticides used for commercial citrus 
production (Soheilifard et al. 2020). The previous studies 
have indicated that excessive exposure of these pesticides 
on humans results in disorders such as endocrine disruption, 
immune impacts, genotoxicity, mutagenicity, carcinogenesis, 
and neurodevelopmental effects in children (Shah 2020). 
The use of these pesticides in citrus farming is a common 
exercise, and this can end up in the contamination of both 
the surface and groundwater. The pesticide residue reaches 
the dams and rivers through erosion due to an overflow (Mas 
et al. 2020). Other factors amounting to loss of pesticides 
from agricultural fields to rivers include soil property, topol-
ogy, weather, chemical, and environmental properties of 
individual pesticides (Syafrudin et al. 2021).
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Bodies such as Codex Alimentarius Commission 
(CAC), European Union (EU), and South African Depart-
ment of Environmental Affairs have set the maximum 
residue limits (MRLs) for pesticides and their relevant 
transformation products in various matrices such as water, 
food, feed, and veterinary products (Ambrus et al. 2023). 
The guideline value for CPF in drinking water is set at 
30 µg.L−1 by CAC, whereas the MRL for IMA in water 
is 0.05 mg.L−1, according to the EU commission regula-
tion (EC) No. 396/2005. The MRLs in citrus fruits set by 
South African Department of Environmental Affairs for 
CPF and IMA are 0.05 and 5 mg.L−1, respectively (Espana 
et al. 2022). This requires the developments of simple, 
fast, cheap, and sensitive analytical techniques for simulta-
neous determination of these pesticides in water and other 
environmental samples.

A wide range of analytical techniques such as liquid–liq-
uid extraction (LLE), solid-phase extraction (SPE), solid-
phase microextraction (SPME), stir bar sorption extraction 
(SBSE), liquid-phase microextraction (LPME), and quick, 
easy, cheap, effective, rugged, and safe (QuEChERs) has 
been developed in order to identify pesticides in water 
(Speltini et al. 2019; Dhegihan et al. 2021; Wang et al. 
2021a, b). Amongst these analytical techniques, the advan-
tages of SPE adsorbent bed are that it possesses good per-
centage recoveries for most pesticides (Veloo and Ibrahim 
2021). Furthermore, the SPE method is highly selective 
towards a specific analyte of interest, which lead to enhanced 
recovery. Amongst various forms of adsorbent beds, the 
polymeric reverse phase (PRP) (a non-polar C-18 bonded 
to silica) is widely used to extract all forms of pesticides 
(Scigalski and Kosobucki 2020; Guo et al. 2021). However, 
these types of bed are difficult to develop and highly expen-
sive (Maranata et al. 2021). Other SPE methods use carbon-
based materials such as activated carbon (AC) to extract 
pesticides (Kumric et al. 2019). However, the disadvantages 
of AC are that it is inactive towards polar compounds and 
difficulty to regenerate (Kodali et al. 2021).

In order to address most of the issues noted above, the 
study aims to prepare a variety of multiwalled carbon nano-
tubes (MWCNTs)-based adsorbent beds for extraction of 
pesticides. MWCNTs are a unique type of carbon nano-
based materials with unique physicochemical and struc-
tural properties (Alothman and Wabaidur 2019; Cho et al. 
2022). Amongst other properties, MWCNTs walls can be 
activated by introducing various forms of active adsorption 
sites. These is achieved by either acid treating the MWCNTs 
and/or functionalising with polymeric organic compounds 
such as amines (Dubey et al. 2021; Salah et al. 2021). Vari-
ous applications of MWCNTs as adsorbents of pesticides in 
water have been reported (Alothman et al. 2020; Ma et al. 
2020; Rao et al. 2020). However, none of the reports investi-
gated and compared the influence of the presence of different 

functional groups (such as amines and hydroxyl) on the sur-
face of MWCNTs towards pesticides analysis.

Herein, the study aims at investigating the effects of 
amine-based MWCNTs adsorbent on the pre-concentra-
tion of residues of CPF and IMA in water. The prepared 
nanocomposite materials were characterised by powder 
X-ray diffraction (PXRD), scanning electron micros-
copy (SEM), transmission electron microscope (TEM), 
Brunauer–Emmet–Teller (BET), Fourier transform infra-
red (FTIR) spectroscopy, and thermogravimetric analysis 
(TGA). The isophorone diamine-modified multiwalled car-
bon nanotubes (IPD-MWCNTs) nanocomposite offered a 
simple, fast, and cheap SPE method. Its adsorption capa-
bilities were compared with those of a pristine and oxidised 
MWCNTs in conjunction with a gas chromatography–mass 
spectrometry (GC–MS) for simultaneous determination of 
CPF and IMA in environmental water samples.

Materials and methods

Chemicals and materials

The MWCNTs (50–90-nm diameter, > 95% carbon basis), 
N,N-dimethylformamide, CPF and IMA analytical stand-
ards (98% purity), IPD, AC, and ethanol (absolute) were 
purchased from Sigma-Aldrich (St. Louis, Missouri, USA). 
Nylon membranes (0.45 µm), acetonitrile, methanol, chloro-
form, dichloromethane, n-hexane, and water of HPLC grade 
were purchased from Merck (Johannesburg, SA). Strata-X 
33-µm (30 mg) PRP extraction cartridges and 0.22-µm 
pore sized syringe filters were purchased from Separation 
Scientific (Johannesburg, SA). Nitric acid (55%) and sul-
phuric acid (95%) were purchased from Rochelle Chemi-
cals (Johannesburg, SA). Primary standards (100 mg.L−1 
CPF and IMA) were prepared by accurately weighing the 
corrected mass of each analytical standard into a 100-mL 
volumetric flask and filled to volume with acetonitrile. A 
working/secondary standards of 10 and 1 mg.L−1 were pre-
pared by diluting the primary standard 10 and 100 times, 
respectively, using a micropipette into a 10-mL volumetric 
flask and filled to volume with acetonitrile. Both the primary 
and working standards were stored in the freezer at -10 °C.

Instrumentation

Powder X‑ray diffraction analysis

A PANalytical X’Pert Pro powder XRD supplied by Riga 
Technical University (Latvia) was used to monitor both the 
structures of the pristine and functionalised MWCNTs. The 
PXRD parameters were used as follows: Two K-alpha Cu 
wavelengths of 1.5405980 and 1.5444260 Å with a ratio 
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0.500, a divergence slit fixed at 0.38-mm monochromator, 
and a continuous scan range of 4.5–130, scan step size of 
0.0262 with 4760 points.

Scanning electron microscopy analysis

The surface morphology analysis was studied using a JEOL 
7500 SEM supplied by Thermo Fisher Scientific, Massa-
chusetts, (USA), by capturing secondary electron images 
using acceleration voltage of 3 kV at the working distance 
of 8 mm. The images were captured in the magnification 
range of 1–10 μm. The sample elemental composition was 
measured using energy-dispersive spectroscopy (EDS).

Transmission electron microscopy analysis

A JEOL JEM 1010 TEM supplied by Thermo Fisher Scien-
tific, Massachusetts, (USA), was used to study the morphol-
ogy and microstructure of both the pristine and functional-
ised MWCNTs. The MWCNTs were dispersed in absolute 
ethanol, ultra-sonicated for approximately 2 min. Holey 
carbon-coated grids were dipped briefly into each CNT sus-
pension and allowed to dry before observation.

Brunauer–Emmet–Teller analysis

A Tristar II manufactured by Micromeritics (Norcross, USA) 
was used for BET measurements of the pristine and func-
tionalised MWCNTs. Prior to all measurements, samples 
were degassed at 300 °C for 5 h. The BET surface area, pore 
size, and volume were measured using nitrogen at 77 K.

Fourier transform infrared spectroscopy analysis

The FTIR spectroscopy by Spectrum 100 spectrometer sup-
plied by Perkin Elmer (Johannesburg, SA) was used to ana-
lyse the samples in transmission mode. The FTIR spectra of 
the samples were obtained in the range of 500–4000  cm−1. A 
total of 32 scans were run at a spectral resolution of 16  cm−1.

Thermal gravimetric analysis

The TGA studies were carried out by a Waters TGA 5500 
(New Castle, USA) in a platinum pan at a heating rate of 
10 °C.min−1 to 900 °C under a nitrogen flow of 40 mL.min−1 
to measure the change in mass of MWCNTs over a range of 
temperatures.

Gas chromatography–mass spectrometry analysis

The GC analyses were performed using a Shimadzu GCMS-
QP2010 SE (Kyoto, Japan). The injection syringes were first 
rinsed with methanol, then rinsed with a fortified sample 

prior to injecting 5 µL of sample. The syringe was again 
rinsed with methanol post-injection to eliminate any cross-
contamination. A GC capillary column InertCap with 
the following parameters: I.D. = 0.25 mm, length = 30 m, 
df = 0.25 µm, and max. temp. = 325 °C were obtained from 
RESTEK. A helium gas for mobile phase was obtained 
from AFROX. The GC oven temperature was initially held 
at 35 °C for 4 min and then increased to 200 °C at 15 °C/
min and further increased to 300 °C at 20 °C/min and held 
for 5 min. The column flow was constant at 2 mL/min with 
an average velocity of 51.9 cm/sec and column pressure of 
128.7 kPa. For mass spectrometric analysis, the interface and 
ion source temperatures were held at constant temperatures 
of 250 and 180 °C, respectively. The solvent delay was set 
at 2.5 min. Full scan GC–MS chromatograms were obtained 
by scanning from m/z of 30 to 700 amu. The ions monitored 
were CPF at m/z of 97 (base peak ion), 197, and 314 and 
IMA at m/z of 81, 173, and 215 (base peak ion). Peak areas 
of base peak ions were used for all quantifications.

Oxidation and functionalisation of MWCNTs

The pristine MWCNTs were primarily oxidised using a mix-
ture of  HNO3 +  H2SO4, in a ratio of 1:3 (v/v) following an 
existing method (Mkhondo and Magadzu 2014). The result-
ant oxidised MWCNTs were treated with IPD as follows: 
Briefly, approximately 0.200 g of oxidised MWCNTs was 
mixed with 1.00 g of IPD in 200 mL N,N-dimethylforma-
mide and refluxed at 180 °C for 92 h. The resultant amine 
functionalised MWCNTs composite was washed numerous 
times with 95% ethanol to remove any surplus uncrafted 
amines. The solid product was collected using a 0.45-µm 
pore sized membrane and dried in an oven for 6 h at 60 °C.

MWCNTs cartridge assembling and adsorption 
studies

The MWCNTs-packed SPE cartridges were assembled by 
placing 30-mg MWCNTs nanocomposite in an empty poly-
propylene SPE cartridge (3-mL Strata-X 33 cartridge from 
Separations). This was held in place in the polypropylene 
SPE cartridge using upper and lower polypropylene sheet 
with 20-µm pore. The cartridge was firstly conditioned 
with 10-mL acetone followed by 10-mL deionised water. A 
100 mL of fortified/pesticide-free water sample was passed 
through the cartridge at a constant flow rate of 1 mL.min−1 
in a vacuum manifold. The loaded cartridges were vacuumed 
to dryness and thereafter washed with 10 mL of petroleum 
ether to remove any co-adsorbed matrix materials with the 
aim of not interfering with the target analytes. Thereafter, 
the retained analytes were eluted into a 15-mL test tube. The 
resultant eluent was gently evaporated to near dryness under 
 N2 (g) at 60 °C. The dry residue was reconstituted with 2-mL 



2884 International Journal of Environmental Science and Technology (2024) 21:2881–2896

1 3

acetonitrile, vortexed for a minute, filtered through a 0.22-
µm pore sized syringe filter, and transferred to a 2-mL sam-
ple vial. About 5 µL of the extracts were injected onto a 
GC–MS for analysis.

Water sample collection procedure

Water samples were obtained from Bon Accord Dam (Pre-
toria, South Africa) for pesticide residue analysis. The water 
samples were collected in brown bottles and stored at 4 °C 
in a refrigerator for further analysis. Approximately, 100 mL 
of water samples were filtered through a 0.45-µm membrane 
filter before use.

Method validation

Validation of the analytical method was conducted by eval-
uating analytical figures of merit that includes linearity, 
precision, accuracy, limit of detection (LOD), and limit of 
quantification (LOQ).

Linearity

The linearity was evaluated by constructing calibra-
tion curves for CPF and IMA in the concentration range: 
0.05–1.000 mg.L−1 in water. The spiking levels were guided 
by the permissible maximum residue limit (MRL) of these 
pesticides in water which is 1.000 mg.L−1. This method was 
able to include values far below 1/2MRL. Analysis of each 
point was performed in triplicate, and average values were 
used. The calibration curves were generated by plotting peak 
area of CPF and IMA against their concentrations. The lin-
earity of the method was determined from the calibration 
curve by calculating the correlation coefficient, slope, and 
intercept values.

Precision

The method precision was assessed in terms of intra-day and 
inter-day precision, where the percentage relative standard 
deviation (%RSD) of less than 20% was used as criteria. This 
was verified from repetitions of low, medium, and high con-
centrations of CPF and IMA (0.050, 0.400, and 1.000 mg.
L−1). Inter-day measurements for the reproducibility were 
performed on 4 consecutive days.

Accuracy

The closeness between the expected and calculated values of 
the method was calculated in terms of percentage recovery 
(%R) using Eq. (1).

where  C1 is the known CPF and IMA concentrations, and  C2 
is the calculated CPF and IMA concentrations in the water 
sample. The water samples were spiked at three different 
concentration levels of low, medium, and high (0.05, 0.40, 
and 1.0 mg.L−1). Recovery experiments were performed 
with five repetitions.

Limits of detection and quantification

The LOD and LOQ were determined using the calibration 
curve by first determining the peak area experimentally (Y) 
and by calculation (X). Thereafter, the standard deviation 
(SD) was calculated using these values in Eq. (2).

Thereafter, the LOD and LOQ values were achieved using 
Eqs. (3) and (4), respectively.

where n is the number of standards used, and m is the slope 
of the calibration curve.

Results and discussion

The results and discussion are arranged in the following 
manner: The first segment presents the characterisation 
of the pristine, oxidised, and IPD-MWCNTs. The aim of 
this segment was to examine and discuss the effects of the 
modification processes and the accomplishment thereof. The 
second segment investigates the performance of the charac-
terised nanocomposites when applied as adsorbents of CPF 
and IMA in water as well as optimisation of the superior 
nanocomposite.

Characterisations

Powder X‑ray diffraction analysis

The PXRD patterns of the pristine, oxidised, and IPD-
MWCNTs were obtained to examine if any form of structural 
destruction occurred during the purification and/or function-
alisation. The PXRD profiles in Fig. 1 show the diffraction 
patterns of (a) pristine, (b) oxidised, and (c) IPD-MWCNTs. 

(1)%R =
C
2

C
1

x100

(2)SD =

√

Σ(Y − X)2

n − 2

(3)LOD =
3xSD

m

(4)LOQ =
10xSD

m
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The three diffraction patterns show the same characteris-
tic peak at 2θ = 26°, which corresponds to (002) reflec-
tion planes. The intensity of the characteristic peak (002) 
is lower on pristine MWCNTs (Fig. 1a). This is attributed 
to poor dispersity and bundling of the pristine MWCNTs 
(Sabri et al. 2019). Upon acid treatment, the intensities of 
oxidised MWCNTs (Fig. 1b) increased slightly. This indi-
cates that there is an unbundling of MWCNTs and removal 
of impurities as observed on TEM and EDS data. Interest-
ingly, the XRD pattern of IPD-MWCNTs (Fig. 1c) gave a 
highly intense sharp peak, which clearly suggests an intact 
and ordered structure of MWCNTs (Alothman et al. 2020). 

The patterns of the treated MWCNTs show the presence of 
some unsymmetrical carbons (at 2θ = 51°) normally referred 
to as diaphanous carbons that form during various stages of 
material purifications (Chowdhry et al. 2019).

Scanning electron microscopy and transmission electron 
microscopy

SEM was undertaken to assess the surface morphology of 
the prepared MWCNTs composite materials. The data in 
Fig. 2 show the SEM images of (a) pristine, (b) oxidised, 
and (c) amine functionalised MWCNTs. The SEM images 
of the three MWCNTs show a similar uppermost layer 
made up of an unsystematically oriented network of tubes 
(Piao et al. 2021). The surface structure of the MWCNTs 
was further investigated using TEM, and images of (a1) 
pristine, (b1) oxidised, and (c1) IPD-MWCNTs are shown 
in Fig. 2. All TEM images do show that the structure of 
MWCNTs remained intact upon oxidation (Fig. 2b1) and 
functionalisation by an isophorone diamine (Fig. 2c1). 
The oxidised MWCNTs (Fig. 2b1) show some spherical-
shaped inner tubes, which indicates that diaphanous carbons 
were removed as compared to that of pristine MWCNTs 
(Fig. 2a1), hence unclogged the walls of MWCNTs. Some 
few remaining residual carbon-encapsulated catalytic metal 
particles are also observed in Fig. 2b1, represented by black 
circular spots (Patel et al. 2020; Bajorek et al. 2022).

Fig. 1  PXRD patterns of a pristine, b oxidised, and c IPD-MWCNTs

Fig. 2  SEM images of a 
pristine, b oxidised, and c 
IPD-MWCNTs and their cor-
responding TEM images (a1, 
b1, and c1)
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Energy‑dispersive X‑ray spectroscopy

The data in Fig. 3 show the EDS spectra of (a) pristine, 
(b) oxidised, and (c) IPD-MWCNTs. The weight % of the 
carbon content for the pristine MWCNTs was found to be 
95.27%. However, upon oxidation, the oxidised MWCNTs 
(Fig. 3b) showed a decrease of about 10.53% of carbon con-
tent as compared to pristine MWCNTs (Fig. 3a). This is 
because of the selective removal of some metallic particles 
and the creation of some diaphanous carbons (Alotaibi et al. 
2021; Grinberg et al. 2022). This finding further supports the 
observed TEM images of oxidised MWCNTs. Upon func-
tionalisation with IPD, an increase in the carbon content of 
the IPD-MWCNTs (98.74%), reduction of the oxygen con-
tent (0.06%), and an increase in nitrogen content (1.10%) 
were observed (Fig. 3c). The decrease in oxygen content is 
linked to the replacement of oxygen by amine groups during 
functionalisation. Furthermore, the EDS spectra of the oxi-
dised and IPD-MWCNTs show the disappearance of some 
metallic impurities. These metallic impurities are normally 
formed during MWCNTs production (Nawarathne et al. 
2021; Sun et al. 2021; Tserengombo et al. 2021).

Brunauer–Emmet–Teller analysis

The BET-specific surface areas (SSA), pore volume, and 
average particle size of the pristine, oxidised, and IPD-
MWCNTs are presented in Table 1. The BET-SSA of the 
pristine MWCNTs is 22.3  m2.g−1 and upon acid treatment, 
the SSA of the oxidised MWCNTs increased to 25.1  m2.g−1. 
An increase in BET-SSA can be attributed to the removal 
of some metallic particles, amorphous carbons, and intro-
duction of defects sites on the walls of oxidised MWCNTs 
(Rodriguez and Leiva 2020). These findings are supported 

Fig. 3  EDS of a pristine, b oxi-
dised, and c IPD-MWCNTs

Table 1  Surface characteristics of pristine, oxidised, and IPD-MWC-
NTs

Sorbent type BET-specific 
surface area
(m2.g−1)

Pore volume
(cm3.g−1)

Average particle 
size
(Å)

Pristine MWC-
NTs

Oxidised MWC-
NTs

IPD-MWCNTs

22.3
25.1
25.7

0.036578
0.033554
0.040555

2687.78
2386.02
2335.91
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by the EDS spectra, which indicated the disappearance of 
most metallic particles post acid treatment. Sonication of 
the composites with a solvent such as the N,N-dimethylfor-
mamide (DMF) also contributed to the dispersity and hence 
an improvement of BET-SSA of oxidised MWCNTs (Wang 
and Pang 2020).

A further functionalisation of the oxidised MWCNTs 
with IPD showed an increase in the BET-SSA which was 
measured to be 25.7  m2.g−1. This further demonstrates a suc-
cessful crafting of the IPD onto the walls of the MWCNTs. 
The addition of IPD on the surface of MWCNTs is expected 
to further increase the active sites within the structure of the 
composite (Plunkett et al. 2019; Basivi et al. 2021). There 
is a slight difference in pore volume between the pristine 
and oxidised MWCNTs; however, a noticeable increase has 
occurred on IPD-MWCNTs composite.

Fourier transform infrared spectroscopy analysis

The data in Fig. 4 show an FTIR spectra of (a) pristine, (b) 
oxidised, and (c) IPD-MWCNTs. Treatment of MWCNTs 
with oxoacids generates some form of oxygenated functional 
groups (− COOH, C = O, and C-O–O) located on the walls. 
A successful generation of these functional groups allows 
further modifications on the oxidised MWCNTs by intro-
ducing other functional groups such as amines (Kashyap 
et al. 2020). In this case, FTIR spectroscopy was used to 
characterise the functional groups present on the surfaces of 
the pristine, oxidised, and IPD-MWCNTs. The characteristic 
bands for CNTs are located between 1900 and 2100  cm−1 of 
Fig. 4 (Sreejarani et al. 2011). This band remained visible in 
the three MWCNTs demonstrating the conservation of the 
graphite structure of the MWCNTs.

The FTIR spectra of oxidised (Fig. 4b) and IPD-MWC-
NTs (Fig. 4c) contain a broad band at around 3400  cm−1 
representing the stretching vibrations of isolated surface 

–OH moieties in carboxyl groups and/or –NH in amine 
groups. The band at 2900   cm−1 on pristine MWCNTs 
(Fig. 4a) confirms the presence of asymmetric/symmetric 
C–H normally located at the defected sides of the MWC-
NTs (Kodali et al. 2021). The C-O bands from the car-
boxyl groups (C–O and  COO−) are observed in the range 
1500–1700  cm−1 of Fig. 4b and c (Salah et al. 2021; Sibaja 
et al. 2021). The IPD-MWCNTs contain peaks between 
1100 and 1200  cm−1, which correspond to the presence of 
C–N and N–CH3 (Tripani et al. 2020; Thi and Hoa 2021; 
Bajorek et al. 2022). The presence of this amino group 
stretch on the FTIR spectra confirms a successful func-
tionalisation of IPD on the walls of MWCNTs.

Thermal gravimetric analysis

The data in Fig. 5 show TGA profiles of (a) pristine, (b) 
oxidised, and (c) IPD-MWCNTs. The TGA profile of pris-
tine MWCNTs (Fig. 5a) shows a single-stage decomposi-
tion that occurred at 800 °C, which is typical for MWCNTs 
(Risoluti et al. 2020). The weight loss observed on the 
oxidised MWCNTs (Fig. 5b) at 600 °C is attributed to 
the loss of oxygen-containing functional groups. Further-
more, the defects that are mainly produced during oxida-
tion could have contributed to instability of the oxidised 
MWCNTs (Sezer and Koc 2019; Kim et al. 2022; Saidi 
et al. 2022). The TGA profile of IPD-MWCNTs (Fig. 5c) 
shows a weight loss at 300 °C which is attributed to the 
decomposition of the IPD organic compound attached 
to the walls of MWCNTs (Silva et al. 2012; Massoumi 
et al. 2019). The profile depicts that the addition of easily 
combustible heteroatoms such as hydroxyl groups or IPD 
compounds compromises the thermal stability of the entire 
MWCNTs nanocomposite.

Fig. 4  FTIR spectra of a pristine, b oxidised, and c IPD-MWCNTs Fig. 5  TGA profiles of a pristine, b oxidised, and c IPD-MWCNTs
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Application of the pristine, oxidised, 
and IPD‑MWCNTs as SPE adsorbents

Factors that influence the realisation of an effective SPE 
procedure and overall analyte adsorption were optimised. 
These factors included adsorbent type and mass, eluent type 
and its volume, and the reusability of the adsorbent. There-
fore, a careful stepwise procedure had to be followed for a 
successful SPE of CPF and IMA pesticides in water. These 
optimisation studies were performed on the adsorbent that is 
envisaged to possess outstanding analyte recoveries in water 
samples. The ultimate method was tested in environmental 
water samples, and all measurements were performed in 
triplicates.

The effects of the adsorbent type towards the recovery 
of CPF and IMA

The determination of good adsorbents for specific target 
analytes is crucial since different sites on CNTs (based 
on compounds used for functionalisation) have different 
affinities. A pristine, oxidised, and IPD functionalised 
MWCNTs were applied as adsorbents to determine which 
of these nanocomposites provide the best analyte recov-
ery. The data in Fig. 6 show the extraction capabilities of 
the (a) pristine, (b) oxidised, and (c) IPD-MWCNTs. The 
results show that the retention of CPF remained higher 
as compared to that of IMA on all adsorbent, throughout 
the recovery experiments. However, the IPD-MWCNTs 
showed better recoveries for both analytes, followed by 
the oxidised MWCNTs, and then the pristine MWCNTs. 
This indicates that IPD-MWCNTs have a better analyte 
retention efficiency; a related finding was observed by 

Wang et al. 2021a, b, using tetraethylenepentamine-mod-
ified MWCNTs towards the extraction of pesticides. The 
observed analyte recovery by IPD-MWCNTs is attributed 
to increased number of active sites for adsorption and a 
higher BET-specific surface area (Hoa 2021; Abdullah 
et al. 2021).

Determination of elution solvent

The determination of the composition of an elution solvent 
(eluent) is one of the imperative steps when developing 
any good SPE procedure. This is because the target ana-
lytes ought to be effectively eluted with the least possible 
interferences. The polarities of analytes and elution solvent 
play an important role during elution (Gulati et al. 2020; 
Nawaz et al. 2020). In this study, six different organic 
solvents with different polarities that include acetonitrile 
(ACN), chloroform  (CHCl3), dichloromethane (DCM), 
methanol (MeOH), ethanol (EtOH), and n-hexane were 
separately investigated as eluents to determine their indi-
vidual strength to elude the selected analytes. The data in 
Fig. 7 show the elution of CPF and IMA on an IPD-MWC-
NTs adsorbent during SPE using the outlined eluents. 
The data indicate the following trend of analyte elution of 
CPF: EtOH >  CHCl3 > n-hexane > MeOH > ACN > DCM 
and IMA:  CHCl3 > EtOH > MeOH > ACN > and n-hex-
ane > DCM, respectively. The trend indicates that the 
two analytes are best eluted using EtOH and  CHCl3, 
which comprises diverse polarity indexes. Therefore, it 
was essential to evaluate the effects of their combination 
towards the elution of the two analytes.

Fig. 6  Effects of a pristine, b oxidised, and c IPD-MWCNTs sorb-
ents on the recoveries of 1.0 mg.L−1 CPF and IMA spiked in 100-mL 
water sample (Conditions: adsorbent mass = 30 mg and eluent = 4-mL 
acetonitrile)

Fig. 7  Effects of different eluents on the recovery of 1.0 mg.L−1 CPF 
and IMA in 100-mL water sample (Conditions: eluent = 4-mL solvent 
and adsorbent mass = 30-mg IPD-MWCNTs)
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The effects of combining EtOH and  CHCl3 solvents 
towards the recovery CPF and IMA

The data in Fig. 8 show the effects of combined solvents 
(EtOH and  CHCl3) towards the recovery CPF and IMA from 
water samples. Although the two solvents are homogenously 
combined, it does not necessarily suggest that they are 
homogeneous but rather cumulate and form a microscopic 
solvent combination. The results show that when the solvent 
combination ratio is  CHCl3:EtOH (40:60, v/v), the recovery 
of CPF is greater than that of IMA. However, when the ratio 
is interchanged, the recovery of IMA is greater than that of 
CPF. This outcome motivated the use of equal combina-
tion of both elution solvents at a ratio of 50:50 (v/v). When 
the ratios are equal, the combined elution solvent yielded 
relatively similar recoveries for both pesticides. The elution 
capabilities of chloroform were not unexpected since both 
pesticides are highly chlorinated compounds. Subsequently, 
the ultimate performance of ethanol may also be attributed 
to its polarity in comparison with both pesticides. Therefore, 
the combined elution solvent  (CHCl3:EtOH, 50:50 v/v) was 
preferred due to their different polarity indexes (Jajuli et al. 
2021).

Determination of elution volume

The volume of the solution used to elute analytes from a SPE 
adsorbent bed (an elution volume) has a direct and measur-
able effect on the overall procedure. This is because it is a 
key variable necessary to completely remove all the analytes 
from the adsorbent bed. Therefore, a sufficient amount of 
elution solvent must be determined in order to obtain maxi-
mum recovery of the retained analytes from the adsorbent 
bed. This effect was investigated by using different volumes 

of a previously determined eluent (50:50, v/v  CHCl3:EtOH). 
In this case, the eluent volumes were varied between 2 and 
8 mL, and the results are shown in Fig. 9. The recoveries of 
both analytes increased with an increase in the volume of 
eluent from 2 to 6 mL. The results indicate that as the eluent 
volume increases, it distributes through the adsorbent bed, 
and the analytes are alternatively adsorbed and desorbed to 
lower positions as the movement of the eluent continues 
(Maranata et al. 2021). All analytes were recovered within 
the 6-mL volume, and as a result, this was preferred as the 
elution volume for subsequent experiments.

The effects of adsorbent dosage

It is expected that, as the adsorbent dosage increases while 
keeping other parameters constant, the adsorbent efficacy 
will also increase until it reaches maximum. In this pro-
cedure, different sorbent masses of IPD-MWCNTs ranging 
from 0.015 to 0.150 g were investigated. The data in Fig. 10 
show that as the adsorbent dosage increases from 0.015 to 
0.030 g, the adsorbent efficiency also increased towards the 
recovery of both analytes. The adsorbent bed with the lowest 
mass (0.015 g) recovered lesser amounts of both analytes. 
The lower recoveries indicate that few target analytes were 
adsorbed on the adsorbent bed; of which its active adsorp-
tion sites get saturated quickly. However, as the adsorbent 
dosage increased to 0.030 g, the recovery of both analytes 
increased. This is linked with an increase in adsorption sites, 
hence the improved recovery (Selambakkannu et al. 2019). 
The recovery remained relatively the same with a slight 
decrease in analyte recovery as the adsorbent mass was 
increased above 0.030 g. This dosage is very small as com-
pared to the reported 0.500-g conventional SPE cartridge as 
well as 0.100-g MWCNTs previously used to recover pesti-
cides in water (Huq 2011; Atrache et al. 2016).

Fig. 8  Effects of  CHCl3:EtOH (40:60; 60:40; and 50:50, v/v) solvent 
combination on the recoveries of 1.0 mg.L−1 CPF and IMA in 100-
mL water sample (Conditions: eluent volume = 4  mL and adsorbent 
mass = 30-mg IPD-MWCNTs)

Fig. 9  Effects of eluent volume on the recovery of 1.0  mg.L−1 
CPF and IMA in 100-mL water sample (Conditions: adsorbent 
mass = 30-mg IPD-MWCNTs; eluent = 50:50 v/v  CHCl3:EtOH; and 
eluent volume = 2.00–8.00 mL)
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Reusability of IPD‑MWCNTs

The feasibility to reuse IPD-MWCNTs without substantial 
impact on the retention capacity of the adsorbent bed has 
been tested. This was done by using a single adsorbent dos-
age to extract target analytes from more than one fortified 
water samples as shown in Fig. 11. The results show rela-
tively the same recoveries, when a single IPD-MWCNTs 
adsorbent was reused several times. This was achieved fol-
lowing appropriate reconditioning of the entire SPE car-
tridge. The seven repeated cycles of a single IPD-MWCNTs 
adsorbent produced an acceptable %RSD ranging from 3 to 
8%, for recovery of both analytes. These %RSD (≤ 20%) val-
ues are acceptable according to the set limits and therefore 
support the precision for the reusability of the IPD-MWC-
NTs as an adsorbent (SANTE 2015). These data indicate 

that the IPD-MWCNTs are highly stable, and its active sites 
cannot be easily fouled, as compared to the acid-treated 
MWCNTs adsorbent reported by Barbosa et al. 2020 and 
Gholami et al. 2022.

Analytical figures of merit

Method validation

Calibration curves for both CPF and IMA in spiked pesti-
cide-free water samples were constructed to evaluate the 
linearity, recovery, repeatability, and limits of detection 
and quantification for the developed method. The fortified 
calibration curves for the pesticide-free samples are shown 
in Fig. 12. The calibration curves obtained were all linear 
with regression equations y = 30624x + 20,702 (CPF) and 
y = 3121x–20,443 (IMA) and their coefficient of determi-
nation  (R2) values of 0.99151 and 0.99866, respectively. 
These linearities were obtained in the concentration range 
of 0.050–1.000 mg.L−1 for both analytes with at least three 
replicates for each point. The average % recoveries obtained 
were 97% for CPF and 112% for IMA. These % recoveries 
fall within trueness range of 70–120% for each fortification 
level according to the SANTE 2015 guidelines. This con-
firms the trueness of the method within their respective spik-
ing levels and also suggests its suitability to be used at levels 
far below that of half-MRL of the two analytes in water.

Precision

The intra-day and inter-day precision of the method was 
determined by SPE of spiked water samples using the IPD-
MWCNTs at low, medium, and high concentrations of CPF 
and IMA. The results obtained are outlined in Tables 2 and 
3, respectively. The %RSD values of intra-day precision 
for CPF and IMA at concentration levels 0.05, 0.40, and 

Fig. 10  Effects of sorbent mass on the recovery of 1.0 mg.L−1 CPF 
and IMA in 100-mL water sample (Conditions: eluent = 6  mL of 
50:50 v/v  CHCl3:EtOH and adsorbent mass = 0.015–0.150-g IPD-
MWCNTs)

Fig. 11  Adsorbent reusability on the recovery of 1.0 mg.L−1 CPF and 
IMA in 100-mL water sample (Conditions: eluent = 6  mL of 50:50 
v/v  CHCl3:EtOH and adsorbent mass = 0.030-g IPD-MWCNTs)

Fig. 12  CPF and IMA spiked calibration curves in 100-mL water 
samples (Conditions: eluent = 6  mL of 50:50 v/v  CHCl3:EtOH and 
adsorbent mass = 0.030-g IPD-MWCNTs)
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1.00 mg.L−1 were found to be 8, 6, and 7% for CPF and 
10, 6, and 3% for IMA, respectively (Table 2). The %RSD 
values of inter-day precision for CPF and IMA at concentra-
tion levels 0.05, 0.40, and 1.00 mg.L−1 were found to be 4, 
3, and 1% for CPF and 3, 1, and 2% for IMA, respectively 
(Table 3). The obtained %RSD values of less than 20% indi-
cate a good precision of the developed method.

Accuracy

Accuracy of the method was reported as percentage recov-
ery by spiking low, medium, and high concentrations (0.05, 
0.40, and 1.00 mg.L−1) of CPF and IMA in 100-mL water 
samples, and the process was repeated five times. All per-
centage recoveries were calculated as described under 

methodology, and this is summarised in Table 4. The per-
centage recoveries determined from low, medium, and high 
concentration fall within the fortified calibration curve. This 
confirms that the trueness of the method falls within their 
respective spiking levels. This also suggests that this method 
is suitable to be used at levels way below that of half-MRL 
of both CPF and IMA pesticides in water samples.

Limits of detection and quantification

The LOD and LOQ for both CPF and IMA were calculated 
as described under the methodology. The LODs of CPF and 
IMA are 0.026 and 0.033 µg.L−1, respectively, and their cor-
responding LOQs are 0.078 and 0.100 µg.L−1. These lower 
values show that the method is able to detect and quantify 

Table 2  Intra-day precision Low conc. 0.05 mg.L−1 Medium conc. 0.40 mg.L−1 High conc. 1.00 mg.L−1

Repetitions CPF IMA Repetitions CPF IMA Repetitions CPF IMA

a 0.046 0.043 a 0.481 0.473 a 1.271 0.962
b 0.046 0.051 b 0.418 0.477 b 1.090 1.033
c 0.049 0.041 c 0.445 0.447 c 1.129 1.000
d 0.054 0.047 d 0.453 0.416 d 1.124 0.967
Average 0.049 0.046 Average 0.449 0.453 Average 1.153 0.991
SD 0.004 0.004 SD 0.026 0.028 SD 0.080 0.033
%RSD 8 10 %RSD 6 6 %RSD 7 3

Table 3  Inter-day precision Low conc. 0.05 mg.L−1 Medium conc. 0.40 mg.L−1 High conc. 1.00 mg.L−1

Repetitions CPF IMA Repetitions CPF IMA Repetitions CPF IMA

a 0.049 0.046 a 0.486 0.483 a 1.097 1.000
b 0.050 0.049 b 0.510 0.477 b 1.097 1.000
c 0.051 0.049 c 0.479 0.478 c 1.112 0.994
d 0.046 0.049 d 0.480 0.483 d 1.099 1.042
Average 0.049 0.048 Average 0.489 0.480 Average 1.101 1.009
SD 0.002 0.001 SD 0.014 0.003 SD 0.007 0.022
%RSD 4 3 %RSD 3 1 %RSD 1 2

Table 4  Evaluation of accuracy 
of the method

Low conc. 0.05 mg/L % Recovery Medium conc. 
0.40 mg/L

% Recovery High conc. 
1.00 mg/L

% Recovery

Reps CPF IMA CPF IMA CPF IMA CPF IMA CPF IMA CPF IMA

A 0.048 0.047 96 95 0.411 0.474 103 119 1.097 1.000 110 100
B 0.047 0.048 93 97 0.425 0.477 106 119 1.097 1.000 110 100
C 0.049 0.050 99 101 0.479 0.478 120 119 1.112 0.994 111 99
D 0.045 0.052 90 105 0.480 0.471 120 118 1.099 1.042 110 104
E 0.048 0.047 96 94 0.426 0.462 107 116 1.096 0.993 110 99
Av 0.047 0.050 94 99 0.449 0.475 112 119 1.101 1.009 110 101
SD 0.002 0.002 0.038 0.044 0.036 0.003 0.090 0.008 0.007 0.022 0.007 0.022
%RSD 4 4 4 4 8 1 8 1 1 2 1 2
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pesticides at low concentration when compared to several 
reported methods in water samples as shown in Table 5 
(Su and Lin 2003; Tankiewicz et al. 2019; Schwantes et al. 
2020). The obtained LOD and LOQ values show a major 
enhancement in the development of the current method. 
These values are also below the MRLs for the two analytes 
in water. Therefore, this method can be applied for monitor-
ing and control of the residues of CPF and IMA in water.

Comparison of the adsorption efficiencies 
of IPD‑MWCNTs, PRP, and AC

Adsorption capabilities of the IPD-MWCNTs were evalu-
ated against polymeric reverse phase (PRP) and activated 
carbon (AC) as shown in Table 6. AC has showed extremely 
low and incomparable percentage recoveries for both ana-
lytes at 0.05 and 1.0 mg/L spiking levels. The low adsorption 
capabilities of AC may be due to their low specific surface 
area of 13.8  m2.g−1, as compared to 25.7  m2.g−1 of IPD-
MWCNTs. Some extraction methods using AC obtained 
realistic percentage recoveries when analysing pesticides in 
tomatoes and water, respectively (Kodali et al. 2021). The 
additional adsorbent mass in their studies supplemented the 
lower specific surface area of the AC. The adsorbent capa-
bilities of IPD-MWCNTs and PRP are shown in Fig. 13.

The data in Fig. 13 show that IPD-MWCNTs obtained 
higher percentage recoveries for both analytes (CPF: 92% 
and 107%; IMA: 80% and 100%) at low and high concentra-
tions. The PRP showed comparable results at high concen-
tration levels (CPF: 90% and IMA: 76%) and poor recoveries 
at lower levels (CPF: 34% and IMA: 0%). The PRP is an 
ideal competitor for most SPEs owing to its ability to be 
used as an all-purpose, strongly hydrophobic, reversed-phase 
polymer used for either acidic, basic, and/or neutral analytes 

(Badawy et al. 2022). However, the current IPD-MWCNTs-
based SPE method has shown quantitative recoveries at both 
concentration levels and can be applied for pre-concentration 
of ultra-trace levels of CPF and IMA in water prior to quan-
tification by GC–MS.

Application

The performance of the IPD-MWCNTs adsorbent was 
scrutinised by adsorption of CPF and IMA in real water 
samples. The data in Fig. 14 show the chromatograms of 
(a) spiked dam water, (b) non-spiked dam water, and (c) 
pesticide-free water sample. The overlaid chromatograms of 
an IPD-MWCNTs adsorbent show its ability to recover the 
spiked pesticides from real dam water samples. The absence 

Table 5  LOD and LOQ values 
for CPF and IMA

Analyte Current method Literature References

LOD (µg.L−1) LOQ (µg.L−1) LOD (µg.L−1) LOQ (µg.L−1)

CPF 0.026 0078 0.494 1.648 (Schwantes et al. 2020)
IMA 0.033 0.100 10.00; 25.00 25.00 (Su and Lin 2003; 

Freitas et al. 2023)

Table 6  Spiking levels of 
different adsorbents (IPD-
MWCNTs, PRP, and AC) and 
their resultant recoveries

Sorbent type Spiking level
(mg.L−1)

Peak area
CPF

Peak area
IMA

Conc 
Found
CPF

Conc 
Found
IMA

% 
Recovery
CPF

% 
Recovery
IMA

IPD-MWCNTs
PRP
AC

0.050
1.000
0.050
1.000
0.050
1.000

3849
35,468
1277
30,082
–
–

2011
40,838
–
30,943
–
–

0.050
1.070
16.75
0.900
–
–

0.040
1.000
–
0.760
–
–

92
107
34
90
–
–

80
100
–
76
–
–

Fig. 13  Evaluation of efficacy of IPD-MWCNTs, PRP, and AC adsor-
bents (Conditions: eluent = 6  mL of 50:50 v/v  CHCl3:EtOH and 
adsorbent mass = 0.030-g IPD-MWCNTs)
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of CPF and IMA peaks (Fig. 14b and c) is an indication that 
none of the two pesticides was present in the non-spiked 
dam and pesticide-free water samples. Overall, the ability 
to recover the spiked pesticides from the dam water by the 
IPD-MWCNTs affirms its efficiency and applicability to be 
used as a SPE adsorbent of pesticides in environmental water 
samples (Wang et al. 2021a, ba, b; 2021a, ba, b; 2022).

Conclusion

The XRD and FTIR confirm that both oxidised and IPD-
MWCNTs were successfully prepared, and their structures 
showed improved and highly intense sharp peaks, charac-
teristic of intact and ordered structure. Furthermore, their 
TEM images showed clear spherical-shaped inner tubes, 
which indicate that diaphanous carbons and clogged walls 
of MWCNT were removed; this is further supported by 
EDS data. The BET showed a high surface area of oxidised 
MWCNTs, which further improve upon functionalisation 
with amine compound (IPD-MWCNTs). The TGA profile 
of IPD-MWCNTs confirmed the presence of amine, and the 
nanocomposite was found to be highly stable within the pes-
ticides quantification operating temperature.

The CPF and IMA analytes are best recovered using a 
low dosage of IPD-MWCNTs adsorbent (0.030 g), while 
using a 6 ml of combined elution solvent (i.e. EtOH and 
 CHCl3 (50:50, v/v)). The IPD-MWCNTs adsorbent was 
found to be reusable over seven repeated cycles, with an 
acceptable %RSD ranging from 3 to 8%, for both analytes. 
These data indicate that the IPD-MWCNTs are highly sta-
ble, and its active sites cannot be easily fouled, as compared 
to the oxidised MWCNTs adsorbent. The IPD-MWCNTS 
adsorbent was able to achieve lower LODs for both CPF and 
IMA (i.e. 0.026 and 0.033 µg.L−1), and their corresponding 
LOQs are 0.078 and 0.100 µg.L−1. The IPD-MWCNTs were 
able to achieve higher recoveries for both analytes at low 
and high concentrations (as well as in real water samples), 

whereas PRP can only achieve better recoveries at high 
concentrations.
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