Int. J. Environ. Sci. Technol. (2016) 13:201-208
DOI 10.1007/s13762-015-0861-7

CrossMark

@

ORIGINAL PAPER

Carbon nanotubes as solid-phase extraction sorbents
for the extraction of carbamate insecticides

from environmental waters

L. Latrous El Atrache' - M. Hachani' - B. B. Kefi®

Received: 12 January 2015/Revised: 1 May 2015/ Accepted: 7 July 2015 /Published online: 28 July 2015

© Islamic Azad University (IAU) 2015

Abstract Multiwalled carbon nanotubes have been used
for the first time as solid-phase extraction sorbents for the
extraction of five N-methylcarbamate insecticides (i.e.,
carbaryl, carbofuran, aminocarb, methiocarb, and zectran)
from different surface water samples. An effective and
sensitive method was developed by combining solid-phase
extraction and liquid chromatography—electrospray ion-
ization—mass spectrometry detection. Important parameters
influencing the extraction efficiency such as kind and
volume of elute, volume of water samples, and adsorbent
mass were optimized. Under the optimized extraction
conditions, good linearity was obtained for all carbamates
(r* > 0.995) over the range of 0.005-1 mg L™". The limits
of detection and quantification were 0.01-0.05 and
0.08-0.2 pg L™, respectively. The optimized solid-phase
extraction procedure was compared in terms of adsorption
capacity to C18 silica and activated carbon. The adsorption
capacity of multiwalled carbon nanotubes was larger than
activated carbon. The proposed method was successfully
applied to the analysis of tap and surface waters, and mean
recoveries for five carbamates were from 92.2 to 103.9 %
with relative standard deviation between 0.4 and 7.0 %.
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Introduction

Carbamate insecticides are among the most commonly
employed pesticides worldwide. Although carbamates as a
whole are not the most toxic pollutants, they are very toxic
when absorbed by humans because of acetylcholinesterase
deactivation (Worek et al. 2008; Tsoukali and Tsoungas
1996). Carbamates are included in the list of the United
States Environmental Protection Agency (EPA; USEPA.
1992) for prioritizing control of their application. Some
compounds of this group were carbaryl, carbofuran, and
aldicarb, and among these, aldicarb is highlighted as the
principal target on the list of the controlled pesticides by
the EPA due to its elevated toxicity (USEPA 1992). Their
use on potato, citrus, coffee, and other crops is a common
practice that can result in the contamination of both surface
and groundwaters. According to the European Union (EU)
directive on water quality (98/83/CE) (EU Council 1998),
the maximum admissible concentration for pesticides is
0.1 pg L™! for each individual substance and 0.5 pg L™"
for the sum of pesticides in drinking water. Therefore, there
is a considerable interest in the development of highly
sensitive, selective, rapid, and cost-effective analytical
methods or devices for monitoring carbamates. Because the
carbamate concentration levels are very low in water
samples, sensitive analytical techniques are required to
obtain low detection limits. Enrichment separation
approaches including solvent extraction, solid-phase
extraction (SPE), and solid-phase microextraction (SPME)
have been commonly used to improve the instrumental

\g
’r @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-015-0861-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-015-0861-7&amp;domain=pdf

202

Int. J. Environ. Sci. Technol. (2016) 13:201-208

limits of detection (Sanusi et al. 2004; Krutz et al. 2003;
Albero et al. 2005; Lancas 2004; Picd et al. 2007; El
Atrache and Sabbah 2003; Soriano et al. 2001; USEPA
Method 531 1985). In this sense, SPE procedures have a
very important role in preconcentration studies due to their
simplicity, high enrichment factors, environmental friend-
liness, etc.

In SPE, the choice of an appropriate stationary phase is a
critical factor to achieve full recovery and high enrichment
efficiency. Carbon nanotubes (CNTs) are novel and inter-
esting carbon nanomaterials first found in 1991 by Iijima that
have originated a wide variety of applications in analytical
sciences (lijiama and Ichihashi 1993). Carbon nanomaterials
include fullerenes, single-walled CNTs (SWCNTs), and
multiwalled CNTs (MWCNTs). They have attracted great
attention due to their unique tubular structures and large
length-to-diameter ratio, and their chemical, electronic, and
mechanical properties. The exceptional properties that these
materials possess open new environmental field. These
properties offer opportunities for a wide range of applica-
tions for the detection and remediation of different con-
taminants and water treatment. The use of CNTs as sorbent
for metal species in SPE has been described (Salam 2013).
Physical and chemical strategies for functionalization of
CNTs have been discussed (Saleh et al. 2011; Gupta et al.
2011a; Crecente et al. 2014; Jun-ping et al. 2007; Latorre
et al. 2012). Oxidation was performed by refluxing the
MWCNTS in nitric acid or mixtures of sulfuric acid and
nitric acid at different temperatures (Saleh 2011). Carbon
nanotubes nano-iron oxide composites were prepared and
characterized for the removal of chromium (Gupta et al.
2011b). Dye adsorption capability of CNTs and CNT-based
composites from aqueous solutions has been compiled
(Saleh and Gupta 2012; Gupta et al. 2013). The use of waste-
tire-derived carbon to remove various types of pollutants
from aqueous media was highlighted (Saleh and Gupta
2014). A detailed description of the preparation and treat-
ment method of porous carbon, CNTs, and fullerene along
with relevant applications and regeneration is also included
(Gupta and saleh 2013). It is also shown that MWCNTs
possess remarkable potential for SPE of trace phtalates
(Zhoua et al. 2006a). Chen et al. (2011) reported the removal
of two herbicides (diuron and dichlobenil) from contami-
nated water using MWCNTs. The adsorption of diuron onto
as-prepared and oxidized MWCNTSs was studied by Deng
et al. (2012), with the oxidation treatment increasing the
surface area and pore volume and resulting in an increased
adsorption. SWCNTSs have been demonstrated to have a
higher adsorption capacity for 4-chloro-2-methylphenoxy-
acetic acid (MCPA), a phenoxy acid herbicide, than three
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kinds of MWCNTs (with average outer diameters of 15, 30,
and 50 nm) and several nanoscale metal oxides (Al,Os,
TiO,, and ZnO); the adsorption kinetics usually followed
pseudo-second-order kinetics, with the adsorption process
being spontaneous and exothermic (Zhoua et al. 2006b).
Simultaneous determination of atrazine and simazine in
water samples using CNT-packed cartridge for SPE
extraction prior to HPLC analysis was investigated (De
Martino et al. 2012). The adsorption of atrazine from aque-
ous solution by granular activated carbon (AC) and CNTs
also occurred via the same kinetic and thermodynamic
processes (Rambabu et al. 2012). CNT-reinforced hollow
fiber SPME coupled with high-performance liquid chro-
matography have been applied in the determination of some
carbamates from fruit samples (Zhao et al. 2011; Song and
Shi 2013). Electrophoresis with UV detection was combined
with SPE using MWCNTs as stationary phase to determine a
group of seven pesticides in mineral water (Ramos et al.
2008) and salicylic acid from river water (Caballero-Diaz
and Valcarcel 2014). Overall, CNT adsorption technology
has the potential to be used for the removal of pollutants.
Unlike many adsorbents, CNTs possess fibrous shape with
high aspect ratio, large accessible external surface area, and
well-developed mesopores, all contribute to the superior
removal capacities. Despite their utility as SPE sorbents,
CNTs have only been used in few occasions for the extrac-
tion of pesticides from water samples. Moreover, few com-
parative studies were reported in the literature among
various sorbents (D’ Archivio et al. 2007; Zhou et al. 2006;
El-Sheikh et al. 2008).

In this work, an efficient extraction procedure was
proposed, in which CNTs were used as adsorbents for
SPE, in combination with liquid chromatography. Elec-
trospray ionization—-mass spectrometry detection (ESI-
MS) was reported for the analysis of five carbamate
insecticides in water samples. The potential factors
affecting the SPE of the analytes were optimized and
discussed in detail. A comparison between AC with
MWCNTs and C-18 silica for selected insecticides from
environmental waters prior to their simultaneous analysis
by LC-ESI-MS was investigated. To the best of our
knowledge, the application of MWCNTs as SPE sorbent
for preconcentration of aminocarb, carbofuran, carbaryl,
methiocarb, and zectran has not been reported in the
literature. Moreover, a comparison report between
MWCNTs and traditional adsorbents for these model
compounds was not found. This research has been car-
ried out in the chemistry department, Faculty of Sci-
ences, Tunis- El Manar University (Tunis, Tunisia), in
September 2014.
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Materials and methods
Chemicals and materials

The HPLC-grade water was obtained by purification of
demineralized water in a Milli-Q system (Millipore, Elix).
Methanol and acetonitrile, LC grade, were purchased from
LAB SCAN (Ireland). The certified pure products were
purchased from Supelco. The purity of all standards was a
minimum of 99 %. Standard stock solutions of
1000 pg mL~" were prepared by weighing and dissolving
20 mg of each compound in 20 mL of methanol. These
solutions were stored at 4 °C. The analyzed pesticide car-
bamates were aminocarb, carbofuran, carbaryl, methiocarb,
and zectran. The chemical structures of all studied com-
pounds are shown in Fig. 1.

Standard mixtures were prepared by appropriate dilution
of a mixed stock solution with methanol ranging from
0.005 to 1 mg L™".

MWCNTs were purchased from Sigma-Aldrich
(France). MWCNTs were of 5-9 pm length and
110-170 nm external diameter. AC was purchased from
Sigma (untreated granular activated charcoal, 20-60 mesh,
product number C3014). Silica-based sorbents with
octadecyl functional group Bond Elut Jr. C-18 were
acquired from Varian.

Apparatus

The LC-MS analyses were performed using a PerkinElmer
LC system consisting of a 200 quaternary pump; a Reho-
dyne injection valve (model 7125); and PESciex API 2000
triple quadrupole mass spectrometer equipped with elec-

trospray ionization source.

Carba ryl

Fig. 1 Structures of studied
carbamate insecticides
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The HPLC column was Xterra, 250 x 4.6 mm i.d.,
5 um particulate size. The LC-MS system was connected
to analyst station for recording chromatograms. The mobile
phase consisted of acetonitrile—water (40-60, v/v). The
flow rate of the mobile phase was 1 mL min~'. The col-
umn effluent was split, allowing only 100 pL to enter the
mass spectrometer.

Mass spectrometric analysis

The electrospray ionization—mass spectrometry (ESI-MS)
interface was operated in positive mode under the condi-
tions of 325 °C gas temperature, 30 psi drying gas pressure,
35 psi nebulizer gas pressure, 70 psi additional gas pres-
sure, and 5000 V of capillary voltage. Full-scan LC-MS
chromatograms were obtained by scanning from m/z 50 to
400 amu. Time-scheduled selected ion monitoring (SIM)
of the most abundant ion of each compound was used for
quantification. All MS-MS experiments were performed
using N, as the collision gas at a collision cell pressure of
2 m Torr and with collision energy ranging between 5 and
20 eV. Mass analysis was performed in MS-MS product
ion mode with the first quadrupole locked on the m/z value
corresponding to the molecule ion of the target compound,
with the second quadrupole known as the collision cell
either locked on a characteristic product ion m/z or scan-
ning from m/z 50 to ca. 50 amu above the molecular mass
of the target compound (product ion scan) and the third
quadrupole that filters the product ions and allows ions of
certain mass-to-charge ratio to pass through the detector.

MWCNT cartridge preparation and SPE procedure

MWCNT-packed cartridge was prepared by placing 0.1 g of
MWCNTs in an empty polypropylene SPE cartridge (3-mL
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cartridge from Varian). Polypropylene upper and lower frits
(porosity 20 pm, Varian) were retained at each end of the
cartridge to hold the CNTs packing in place. MWCNTSs were
treated with hydrochloric acid (HC1 2 M) to remove metal
catalyst. Before use, they were dried at 80 °C for 2 h. The
cartridge packed with MWCNTs was first conditioned with
5 mL of methanol and then with 5 mL of Milli-Q water. The
water sample spiked with five pesticides was passed through
the cartridge at an appropriate flow rate. After loading the
sample solution, the cartridge was washed with 10 mL
purified water to remove co-adsorbed matrix materials.
Subsequently, the five analytes retained on the SPE cartridge
were eluted with an optimal volume of a certain eluent, and
the resulting elution was blown to dryness with a gentle N,
flow at 40 °C. Finally, the extract was redissolved in 1 mL
methanol and then analyzed by LC-MS.

Water sample

Samples of tap and surface waters from different sampling
sites (Medjerda river, Mellegue river, Siliana river, and
Sidi Salem dam) all over Tunisia were collected for pes-
ticide residue analysis. River water samples were collected
in brown glass bottles and stored at 4 °C before analysis.
Before being used, the surface and tap water samples were
filtered through 0.45-um micropore membranes.

Results and discussion
Optimization of enrichment procedure

Four possible factors that may influence the enrichment
efficiency, the eluent solvent and its volume, the sample
volume, and the adsorbent mass were optimized. The
optimization was realized following a step-by-step
approach, since no SPE procedure was found for the
simultaneous extraction of these pesticides using CNTs as
sorbent materials. Preliminary experiments were developed
using 100 mg of MWCNTs and 100 mL of spiked Milli-Q
water. All experiments carried out during the optimization
were developed in triplicate.

Determination of elution solvent and elution volume

As pesticide absorbed on the SPE cartridge was concerned,
different performances would be achieved due to the dif-
ferent elution power of the various solvents. Four organic
solvents of different polarities including methanol (MeOH),
acetonitrile (ACN), n-hexane, and dichloromethane (DCM)
were investigated. Figure 2 shows the efficiency of each
solvent in the elution of the selected compounds. Among the
four solvents tested, DCM provided the highest recovery
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Fig. 2 Effect of different eluents. Concentration of sample solution:
5 ug L7! of five carbamates; volume of sample: 100 mL; eluent
volume: 5 mL; adsorbent mass: 100 mg

values, which led to better separation, and excellent sym-
metrical peak shape. n-Hexane, however, provided the
lowest recovery values. As a result, DCM was chosen as the
eluate in the following experiments.

The amount of eluent can also affect the enrichment effi-
ciency. The volume of the eluent must be just sufficient to
elute the compounds of interest from the sorbent. In order to
evaluate the effect of the volume of eluent, a series of
experiments were designed based on applying different eluent
volumes of 2,4,5,6,7,8,and 10 mL. As shown in Fig. 3, the
recoveries of five pesticides increased with increasing vol-
umes of DCM between 2 and 7 mL; however, the recoveries
changed very little with the further increase in dichlor-
omethane volume up to 8 mL. Thus, in order to achieve
complete elution of pesticides and save time and reagents,
8 mL of DCM was utilized in the following experiments.

Amount of MWCNTs

The effect of MWCNT amounts was also investigated in
order to use the lowest amount as possible. For this purpose,
50, 100, 200, and 300 mg of MWCNTs were tested. The use
of 100, 200, and 300 mg provided an efficient recovery of
the analytes of interest. However, lower amounts such as
50 mg provided lower recovery values, indicating that part
of the analytes was not retained by the stationary phase
(Fig. 4). However, the use of 100 mg also provided satis-
factory and similar results (mean recovery values higher than
75 % for all the pesticides), and therefore, they were used in
subsequent experiments in order to decrease as much as
possible the amount of stationary phase used and thus reduce
the cost of the SPE procedure.

Sample volume
To increase the preconcentration factor, generally, two main

approaches are tried: one is the absorption ability of mate-
rials to the analytes which is the intrinsic nature that can be
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Fig. 4 Effect of MWCNTSs amount. Concentration of sample solu-
tion: 5 pg L~ of five carbamates; eluent volume: 8 mL of DCM;
volume of sample: 100 mL

exploited for better extraction of the analytes, and the other
is changing the volume of sample solution to reach the
analytical goal. However, large volume of sample will not
lead to the maximum extraction factor because of fixed
amount of solid adsorbent. To investigate the influence of
sample volume, sample water from 50 to 500 mL at a same
concentration of 5 pgL™' was passed through the
MWCNT-packed cartridge. It was found that the increasing
sample volume has obvious influence on the recovery of five
carbamate insecticides. The maximum enrichment effi-
ciency was achieved with a sample volume of 200 mL.
Sample volume above or below 200 mL resulted in a
decrease in the extraction efficiency probably because the
adsorbent was not completely saturated below 200 mL, and
the breakthrough volume was achieved over 200 mL, so
200 mL was adopted as the sample volume for the short-
ening extraction time based on the excellent adsorption
properties of MWCNTs. The results are shown in Fig. 5.

Fig. 5 Effect of sample volume. Concentration of sample solution:
5 g L~ ! of five carbamates; eluent volume: 8 mL of DCM;
adsorbent mass: 100 mg

Cartridge reuse

Experimental results showed that MWCNT-packed car-
tridge may be reused over 100 times after proper cleaning
and reconditioning. However, reusing the cartridge neces-
sitates consuming substantial amounts of expensive sol-
vents and leads to contamination. For the highly expensive
MWCNT sorbent, it may be worthy reusing the cartridge.

Mechanism of sorption

The characteristic structures and electronic properties of
CNTs allow them to interact strongly with organic mole-
cules, via non-covalent forces, such as hydrogen bonding,
n—m stacking, electrostatic forces, van der Waals forces,
and hydrophobic interactions. These interactions as well as
hollow and layered nanosized structures make them a good
candidate for use as sorbents. The surface, made up of
hexagonal arrays of carbon atoms in graphene sheets,
interacts particularly strongly with the benzene rings of
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Table 1 Mean recoveries of five carbamates from spiked samples (RSD, %, n = 3)

Carbamates Recovery (%)
Milli-Q water Tap water Mellegue river Medjerda river Siliana river Sidi Salem dam
- = water water water water
S5ugL lpgL
Aminocarb 103.9 (2.2) 99.5 (2.5) 101.5 (2.9) 100.3 (5.1) 99.7 (4.2) 99.2 (2.9) 94.7 (1.9)
Carbofuran 99.3 (1.5) 96.7 (1.2) 99.7 (1.8) 98.9 (3.3) 97.3 (1.0) 96.4 (2.2) 99.3 (1.6)
Carbaryl 95.6 (3.3) 94.8 (1.7) 95.1 (2.5) 94.8 (1.3) 92.0 (0.9) 93.2 (1.5) 95.2 (0.9)
Methiocarb 94.3 (3.7) 92.2 (4.9) 96.4 (3.0) 93.3 (0.4) 94.2 (2.5) 95.8 (3.5) 93.9 (7.0)
Zectran 101.9 (4.0) 99.5 (2.0) 100.7 (0.9) 99.7 (2.2) 99.9 (2.7) 97.5 (0.6) 98.8 (4.1)
carbamates. Long and Yang (2001) observed that dioxins, 5
which have two benzene rings, were strongly adsorbed on Q 1 ,
CNTs. The sidewall of CNTs has highly hydrophobic 3 1
property because of high © electron density of sp? carbon. g ‘ I
] |
£ |

Carbamates may interact with sidewall of CNTs through
hydrophobic interactions. m—m bonding generally takes
place between bulk m system of CNTs and carbamates with
C=C a benzene rings.

Analytical performance

The analytical parameters such as the linearity, detection
limits, and reproducibility were the characteristics of the
proposed method. As shown in Table 1, there were no
differences in recoveries between the samples with dif-
ferent spiked levels. Also, the recoveries of Milli-Q water
and tap water were similar. A chromatogram of five
pesticides enriched with MWCNT SPE was shown in
Fig. 6.

Linear ranges were achieved by determining a series of
standard solutions at different concentrations. Over a
200-fold change in concentration (0.005-1 mg L™"),
calibration data could be fit a linear model for all five
analytes with a typical correlation coefficient (%)
exceeding 0.99, as shown in Table 2, and the intercept
was statically significant at 95 % confidence. The detec-
tion limits of five pesticides (shown in Table 2) were
obtained based on the signal as threefold of the baseline
noise (S/N = 3) for an extraction of 200 mL water sam-
ple, and the LODs were in the range of 0.01-0.05 pg L™".
The reproducibility for the extractions of 200 mL of
spiked water samples at 5 and 1 pg L™ concentration
levels, likely to be found in environmental water, was
evaluated by calculating the relative standard deviations
of three replicate runs of the procedures. The results listed
in Table 1 indicated that precision was satisfactory at very
low concentrations with RSD in the range of 0.4-7.0 %
(n = 3) for five pesticides. These results proved that the
developed method was reliable and useful in the analysis
of pesticides in water samples.
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Fig. 6 Chromatograms from river water sample. Spiked concentra-
tion: 5 pg L~! of five carbamates; eluent volume: 8 mL of DCM;
volume of sample: 200 mL; adsorbent mass: 100 mg. a Blank of
Milli-Q water. b Non-spiked river water. ¢ Spiked river water. The
peak identifications are listed in Table 2

Comparison of enrichment performance

Comparison of enrichment performance of C18, AC, and
MWCNTs was performed with Milli-Q water samples.
Under the optimal conditions, the recoveries of aminocarb,
carbofuran, carbaryl, methiocarb, and zectran spiked at 5 and
1 pg L', respectively, were obtained. The results are
shown in Fig. 7. As shown in Fig. 7, these three adsorbents
have different extraction capability. Obviously, MWCNTs
demonstrated better enrichment performance to all studied
carbamates. The results also showed that enrichment effi-
ciency with MWCNTSs was a little greater than with C18. It
was probably due to the fact that C18 was a weak polar
adsorbent compared to MWCNTS. Among the three adsor-
bents, AC as adsorbent gave non-ideal result according to the
experiments. Adsorption of analytes was related to many
factors such as particle size and properties. Regular AC used
in these experiments has large size, and the blank volume



Int. J. Environ. Sci. Technol. (2016) 13:201-208 207
Table 2 Calibration data of the Peak number Carbamates Calibration curve R? LOD (ug L_l) LOQ (ug L_l)
selected carbamates
1 Aminocarb y = 90318x + 24321 0.996 0.018 0.09
2 Carbofuran y = 66295x + 11024 0.999 0.024 0.15
3 Carbaryl y = 19119x + 55114 0.995 0.015 0.10
4 Methiocarb y = 10309x + 12574 0.999 0.012 0.08
5 Zectran y = 64684x — 13584 0.997 0.044 0.20
Fig.. 7 ComparaFive study of 190 1 ASpglL?
enrichment efficiency between .
MWCNTs, AC, and C 18. 1 ~ ) B lugl
Spiked concentration: 5 and 1001 A B T at = 7 il
1 pg L™" of five carbamates;
eluent volume: 8 mL of DCM; . 80 -
volume of sample: 200 mL; g\°,
adsorbent mass: 100 mg bl W ci18
g 60 -
§ O ca
e 40
O MWCNTs
20
0 7 = | — " — 2 2 Y
Aminocarb Carbofuran Carbaryl Methiocarb Zectran
among the particles was great; therefore, the touched area  Conclusion

and active sites were very small, and it was not surprised to
get the non-expected results. From the discussion, we can see
that MWCNTs can be used as packing materials for SPE in
environmental analysis.

Application

In order to validate the feasibility of the method to analyze
these five carbamate insecticides, the performance of the
method was evaluated with five environmental water sam-
ples such as tap water, river water, and dam water. First,
under the optimal experimental conditions, a blank of the
five environmental waters was run to verify whether the
target compounds were or were not present. It was found that
there were no peaks at the related peak locations and that
aminocarb, carbofuran, carbaryl, methiocarb, and zectran
were not found in the samples. The measured spiked
recoveries are shown in Table 1, and it was found that the
recoveries of five pesticides were acceptable in the range of
92.2-103.9 % with the RSD below 11 %. The recoveries
shown in Table 1 indicate that the matrix effects between
Milli-Q water, tap water, river water, and dam water were
slight. The chromatograms of the blank and spiked solutions
are shown in Fig. 6. The quantification limit (LOQ) was
determined as being the signal at least 10 times greater than
the noise signal. Quantification limits were between 0.08 and
0.2 pg L™" (Table 2).

In the present work, a fast, sensitive method for the analysis of
aminocarb, carbofuran, carbaryl, methiocarb, and zectran in
environmental water samples was established. MWCNTs, a
new nanoscale material, showed excellent adsorption prop-
erties as SPE adsorbents. More important, the main advantage
of the SPE procedure proposed here is that it allows the
simultaneous extraction of selected carbamate insecticides
from environmental water without any complicated pretreat-
ment of the sample. The comparison of MWCNTSs with C 18
and AC for SPE indicated that AC gave a non-ideal result, and
MWCNTs had much better extraction capacity. The proposed
method could be utilized for regular monitoring of these
compounds in environmental water samples, and it will have a
large potential to be widely used for the determination of other
different carbamate insecticides.
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